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Abstract 
The nearby Leschenault and Peel-Harvey estuaries, on the lower west coast of Australia, 
have undergone radical “engineering” changes. This applies particularly to the 
Peel-Harvey Estuary, in which a second artificial entrance channel was constructed in 
1994 to increase tidal exchange and thereby reduce the massive eutrophication that 
afflicted the system. The number of species, densities and species compositions of the 
ichthyofaunas of these two systems between winter 2008 and autumn 2010 were 
determined using data derived from seasonal seine netting. The results were compared 
with those obtained in 1994 in the Leschenault Estuary and in 1996-97 and 1980-81 in 
the Peel-Harvey Estuary.  
 Sampling throughout Leschenault Estuary in 2008-10 using a 21.5 m seine net 
yielded 27,044 fish, representing 43 species, with 75 % of the catch comprising the 
atherinids Atherinosoma elongata, Craterocephalus mugiloides and Leptatherina 
presbyteroides, the clupeid Hyperlophus vittatus and the mugilid Aldrichetta forsteri. 
Species richness was greatest in the lower and middle regions, due to a high abundance 
of marine species, whereas C. mugiloides and A. elongata were the only two species 
consistently abundant in the upper and apex regions, which are influenced far less by 
tidal exchange and undergo more pronounced changes in salinity and temperature. The 
contrast between the large numbers of C. mugiloides and Atherinomorus vaigiensis 
caught in 2008-10 and their absence in the earlier period represents a southwards 
extension of these tropical species, presumably in response to increasing water 
temperatures in recent years. 
 Sampling of the Peel-Harvey Estuary in 2008-10 yielded 58,980 fish, 
representing 46 species, when using the 21.5 m seine net, and 107,670 fish, representing 
56 species, when employing a 102.5 m seine net. While A. elongata, H. vittatus, 
L. presbyteroides, C. mugiloides and Ostorhinchus rueppellii were abundant in the 
ii 
catches of both nets, the 102.5 m net samples contained far greater numbers of 
Torquigener pleurogramma. Favonigobius lateralis, T. pleurogramma and 
L. presbyteroides, which are generally found in the lower reaches of south-western 
Australian estuaries, were consistently abundant throughout the system, reflecting the 
maintenance of high salinities for much of the year. Following the introduction of the 
Dawesville Channel in 1994 and subsequent massive increases in tidal exchange, the 
ichthyofaunal composition of the Peel-Harvey Estuary changed from being related 
mainly to region to becoming influenced more by season (Young & Potter, 2003a, b). 
Since the late 1990s, there has been an increase in both the number of species, and 
particularly of marine teleosts, and in the abundance of fish and especially of “plant” 
associated species. This is attributable to increases in seagrass and macroalgal biomass 
in certain regions and reduced freshwater flows and is reflected in the ichthyofaunal 
composition becoming similarly related to both season and region.   
While the geomorphology of the Leschenault and Peel-Harvey estuaries differ, 
the ichthyofaunal compositions of these two systems underwent similar pronounced 
seasonal cycling in the late 2000s. However, the fish faunas of the Leschenault Estuary 
changed sequentially with increasing distance from the entrance channel and thus along 
a gradient of increasing salinity, whereas those of the basin regions of the Peel-Harvey 
Estuary, in which salinities varied far less, were similar. The greater influence of tidal 
water movement between the Peel-Harvey Estuary and the ocean provides a far more 
effective mechanism for transporting marine species into and out of this system.   
 A concomitant study compared the biology of Pelates octolineatus in the 
Peel-Harvey Estuary and nearby coastal emabyments. This terapontid settles in shallow 
seagrass beds in coastal bays, where they remain for about a year, before moving to 
deeper waters where they can live for up to 10 years. This species reaches maturity at 
the end of its second year of life and spawns between late spring and late summer. 
iii 
Growth is highly seasonal, occurring mainly in the warmer months. The Peel-Harvey 
Estuary also acts as an important nursery area for P. octolineatus, with young juveniles 
recruiting in summer and emigrating in autumn when temperatures and salinities 
decline, a trend repeated by some 1+ and 2+ fish. Instantaneous growth rates were 
greater in the Peel-Harvey Estuary than in marine embayments, presumably reflecting 
the greater productivity of the estuary.   
  This thesis demonstrates that the ichthyofaunas of the Peel-Harvey and 
Leschenault estuaries are influenced markedly by environmental, anthropogenic and 
climatic effects. It provides a valuable insight into the biological and ecological 
characteristics of a marine estuarine-opportunist species that can complete its life cycle 
in marine embayments but also use estuaries during the earlier years of its life cycle.  
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CHAPTER 1 
General Introduction 
 
1.1 What is an estuary? 
 Although estuaries are among the most productive of all aquatic ecosystems 
(Schleske & Odum, 1961; Whitaker & Likens 1975; Elliott & Whitfield, 2011), they are 
also the most degraded of all marine environments (Jackson et al., 2001a; Lotze et al., 
2006).  They possess unique and complex physico-chemical characteristics that 
distinguish them from all others but are still difficult to define. Indeed, in Europe, the 
term transitional waters is now often used to describe all water bodies between the 
freshwater and marine environments and thus include not only estuaries, but also rias, 
fjords, lagoons and intermittently closed and open lakes and lagoons (ICOLLs) 
(McLusky & Elliott, 2007). It has been widely recognised, however, by many authors 
that estuaries are distinct and, as such, require a reliable definition that takes into 
account the very different types of estuaries found throughout the world and which 
would be invaluable to both scientists and environmental and fisheries managers 
working in that and similar ecosystems (Elliott & McLusky, 2002; Ray, 2005; Potter 
et al., 2010; Elliott & Whitfield, 2011). 
 In 1964, the issue of what constitutes an estuary was addressed by a special 
committee for the American Association for the Advancement of Science (Lauff, 1967) 
and the following definition was produced (Pritchard, 1967). “An estuary is a 
semi-enclosed coastal body of water which has a free connection with the open sea and 
within which sea water is measurably diluted with fresh water derived from land 
drainage.’’ This definition, like those presented in many other studies and extensive 
reviews, focuses predominantly on the characteristics of permanently-open systems in 
the Northern Hemisphere and thus fails to take into account those of the intermittently 
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and seasonally-open and normally-closed estuaries found in microtidal regions on the 
temperate southern coasts of Australia and Africa. Consequently, Day (1980, 1981) 
proposed that the above definition should be modified to the following. ‘‘An estuary is a 
partially enclosed coastal body of water which is either permanently or periodically 
open to the sea and within which there is a measurable variation of salinity due to the 
mixture of sea water with fresh water derived from land drainage’’.   
 The above definitions of Pritchard (1967) and Day (1980, 1981) do not 
specifically state that freshwater input should be derived directly from a riverine source. 
Furthermore, some estuaries in southern Australia and Africa, with limited exchange 
with the ocean can become markedly hypersaline during the warmer and drier months 
of the year when evaporation rates are high (Day, 1980; Young & Potter, 2002). For 
these reasons, the definition of an estuary was further modified by Potter et al. (2010) to 
the following. “An estuary is a partially enclosed coastal body of water that is either 
permanently or periodically open to the sea and which receives at least periodic 
discharge from a river(s), and thus, while its salinity is typically less than that of 
natural sea water and varies temporally and along its length, it can become hypersaline 
in regions when evaporative water loss is high and freshwater and tidal inputs are 
negligible”.  
 
1.2 The different types of estuaries  
 The large estuaries in temperate macrotidal regions of the northern hemisphere 
are typically funnel shaped and have salinities that range progressively downwards from 
close to that of full-strength seawater at the mouth to close to zero at the interface with 
rivers. In contrast, estuaries along the microtidal (tidal range typically < 2 m) and 
temperate southern coasts of Africa and Australia typically comprise a narrow entrance 
channel (lower estuary) that opens into a large basin area (middle estuary), which is fed 
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by tributary rivers, the lower reaches of which are penetrated by salt water of marine 
origin and thus constitute the upper estuary (Potter et al., 1990).  The morphology of 
estuaries in south-western Australia are similar in many respects to those in southern 
Africa that lie at similar latitudes and which both open to the Indian Ocean.  
In Western Australia there are 80 estuaries located along the c. 2400 km of 
coastline from that of the Murchison River on the mid-west coast (27°42’S, 114°10’E) 
to Poison Creek on the south coast (33°54’S, 123°20’E; Fig. 1.1). The morphology of 
these estuaries not only vary in area, i.e. < 1 km
2
 to 136 km
2
, but in their geomorphic 
characteristics, which, to a large extent, is the product of the seasonal changes that occur 
in freshwater flow as a result of the highly seasonal local rainfall and of the high rates of 
evaporation that occur in summer and autumn (Hodgkin & Lenanton, 1981). Hesp 
(1984) classified estuaries in Western Australia into four main types. Valley estuaries, 
such as the Swan-Canning Estuary surrounding Perth and the Hardy, Stokes and 
Beaufort Inlets along the south coast (Fig. 1.1), are drowned valleys roughly 
perpendicular to the coast, which receive freshwater flow from normally a single 
tributary (e.g. Beaufort) but in some cases two (e.g. Swan-Caning, Stokes), and 
typically have long and narrow entrance channels (Hodgkin & Hesp, 1998). In these 
estuaries, salinity generally declines upstream and sediment particles are moved 
downstream. Basin or Bar-built estuaries such as the Normalup, Culham and Broke 
Inlets along the south coast which are coastal bedrock embayment’s that have been 
partially in-filled by sediment derived from both the catchment and marine sources 
through wave movement  (Hodgkin & Hesp, 1998). This results in the formation of a 
barrier at the mouth that encloses a broad, often shallow central basin. Inter-barrier 
estuaries such as the Leschenault Estuary near the city of Bunbury and the Grenough 
and Murchison estuaries along the mid North West coast are elongate 
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5 
lagoons that lie parallel to the coast behind barrier dunes (Hodgkin & Hesp, 1998). 
These lagoon-like basins are typically small and shallow and receive very low 
freshwater input. Riverine estuaries such as the Donnelly River along the south-west 
coast are less common in the region, and are comprised of straight and narrow riverine 
channels. The Peel-Harvey Estuary just south of Perth has unique geomorphology and is 
a combination of both an interbarrier and basin system. The typically low tidal range, 
shallow basins and narrow entrance channels of basin and inter-barrier estuaries 
attributes to the low rates of water exchange in these systems, which can often lead to 
poor water quality.  
Furthermore, estuaries can be further categorised in terms of the extent to which 
they are open to the ocean, and thus comprise those that are 1) permanently open to the 
sea, 2) seasonally open, i.e. open one or more times each winter, 3) normally closed, 
i.e. open only following exceptionally heavy discharge (e.g. Greenough, Beaufort) and 
4) permanently closed coastal lagoons (Hodgkin & Lenanton, 1981). Of the eighty 
systems along the south-western Australia coast, nine remain permanently-open 
(e.g. Swan-Canning, Peel-Harvey and Leschenault estuaries), 64 are open seasonally or 
less frequently (e.g. Broke Inlet), and seven typically remain closed (e.g. Culham Inlet) 
(Hodgkin & Lenanton, 1981). These stages of isolation are not explicit however, given 
that several systems, such as the Broke Inlet, are artificially opened during periods of 
low rainfall when the bars become closed, while the hydrodynamics of other systems 
such as the Peel-Harvey and Leschenault estuaries have changed markedly as a result of 
intense structural modifications to their connections with the ocean.  
 
1.3 The different ways in which fish use estuaries 
 Estuaries perform an important function for many fish species, including acting 
as an essential migratory route for diadromous species between their spawning and main 
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feeding areas (McDowall, 1988). In addition, the juveniles of many marine species use 
these highly productive systems as nursery areas, allowing them to grow rapidly and 
thereby making them less susceptible to size-selected predation (Sogard, 1992; Potter et 
al., 2011). A few species also complete their life cycles in estuaries and these are most 
prevalent in estuaries in microtidal regions of the southern hemisphere (Potter et al., 
1990; Potter & Hyndes, 1999). The high turbidity in estuaries with a strong tidal 
influence reduces the visibility of fishes to visual avian and fish piscivores and thus the 
potential for predation (Blaber & Blaber, 1980; Robertson & Blaber, 1992). The 
extensive mangrove stands and growths of other macrophytes present in certain 
estuaries provide both refuge for juvenile fish and a habitat for their prey (Odum & 
Heald, 1972; Boesch & Turner, 1984; Nagelkerken et al., 2000; Jackson et al., 2001a).  
The different ways in which estuaries are used by fishes have been categorised 
by many authors, including Cronin & Mansueti (1971), Haedrich (1983), Potter et al. 
(1990), Elliott & Dewailly (1995), Potter & Hyndes (1999) and Whitfield (1999). 
Recently, Elliott et al. (2007b) integrated and developed the above schemes to produce 
a series of life cycle guilds, which accommodate all the various types of life cycles 
exhibited by fish species that use estuaries worldwide. Irrespective of whether the 
estuary is located in the northern or southern hemispheres, the life cycles guilds of 
fishes can be described as follows.  
 Marine migrant/marine estuarine-opportunists are those species that spawn 
at sea and enter estuaries in large numbers often in their juvenile stage. These species 
are typically highly euryhaline, which enables them to become distributed throughout 
much of the estuary. While many of these marine species use estuaries as alternative 
nursery areas and leave the estuary prior to reaching maturity, such as the King George 
Whiting Sillaginodes punctatus (Potter et al., 2011), some re-enter estuaries after 
spawning in the marine environment such as the Sea Mullet Mugil cephalus which is 
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abundant in temperate estuaries throughout the world (Chubb et al., 1981; Nordlie, 
2003). In contrast, those species that spawn at sea and typically enter estuaries only in 
low numbers are termed marine stragglers and are predominantly found in the lower 
reaches of estuaries where salinities are similar to that of the marine environment, 
i.e. approximately 35. In estuaries in temperate regions of the southern hemisphere, such 
species include the Southern Eagle Ray Myliobatis australis and the Western School 
Whiting Sillago bassensis (Chuwen et al., 2009b).  
 Those species that complete their life cycles within estuaries, but which are also 
represented by discrete populations that complete their life cycles in coastal marine 
waters, are termed estuarine & marine and include the Estuary Cobbler Cnidoglanis 
macrocephalus and Southern Blue-Spotted Flathead Platycephalus speculator 
(Ayvazian et al., 1994; Hyndes et al., 1992). In comparison, estuarine species are those 
that are strictly confined to estuaries and complete their entire life cycle within these 
systems. Examples in the southern hemisphere include the Black Bream Acanthopagrus 
butcheri, the Western Hardyhead Leptatherina wallacei and the Bluespot Goby 
Pseudogobius olorum (Prince & Potter, 1983; Gill et al., 1996; Sarre & Potter, 1999).  
 The two main categories of diadromous species are the anadromous and 
catadromous species. Anadromous species spend an extended period in marine 
waters, but migrate through estuaries to spawn in freshwater. This category is 
particularly well represented by certain species of salmonid, such as the Atlantic 
Salmon Salmo salar and the Sea Lamprey Petromyzon marinus in the northern 
hemisphere and by the Pouched Lamprey Geotria australis in the southern hemisphere 
(Potter et al.,1979; Youson & Potter, 1979; Huntingford et al., 1992). Semi-anadromous 
species, although likewise spending a substantial period in the ocean, differ in that their 
upstream migration do not extend into rivers and spawning thus occurs in the upper 
reaches of estuaries. One of the very few semi-anadromous species is the Perth Herring 
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Nematalosa vlaminghi which is endemic to south-western Australia (Chubb & Potter, 
1984). Catadromous species are those that feed in fresh water and migrate to the ocean 
to spawn, and comprise various species of eel belonging to the family Anguillidae, such 
as the European eel Anguilla Anguilla in the northern hemisphere and the New Zealand 
longfin eel Anguilla dieffenbachii in the southern hemisphere (Jellyman, 1987; 
McLeave et al., 1987). Freshwater migrants are those species that are typically unable 
to osmoregulate in saline waters and are consequently found only in estuaries during 
periods of heavy freshwater discharge and/or are confined to the upper reaches of those 
systems. Examples in temperate waters include the Western Minnow Galaxias 
occidentalis, the Three-spined Stickleback Gasterosteus aculeatus and the American 
gizzard shad Dorosoma cepedianum (Elliot et al., 2007b).  
 The physical nature, i.e. size and accessibility of estuaries, has influenced the 
ways in which fishes use these systems throughout their different life-history stages 
(Hodgkin & Lenanton, 1981; Potter et al., 1990; Chuwen et al., 2009a). From a 
comparative study of the ichthyofaunal composition in the microtidal estuaries of 
temperate Western Australia and South Africa (Potter et al., 1990), it was evident that in 
both regions, the marine migrants/marine estuarine-opportunist category was the most 
speciose and abundant, thereby paralleling the situation typically found in temperate 
estuaries of the northern hemisphere (e.g. Claridge et al. 1986; Elliott & Dewailly, 
1995; Salleslagh et al., 2009). However, unlike those northern hemisphere estuaries, 
those in southern Africa and south-western Australia are characterised by the presence 
of several estuarine species, i.e. species that complete their life cycles within the 
estuary, and some of which are very abundant, (e.g. the Black Bream Acanthopagrus 
butcheri; Sarre & Potter, 1999). Indeed, 21 such species have been recorded in 
south-western Australia (Potter & Hyndes, 1999) and at least 12 are found in the 
estuaries of southern Africa (Potter et al., 1990). The high number of estuarine species 
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may reflect the fact that, as these estuaries frequently become closed to the ocean for 
varying periods, there would be a selective advantage for individuals that are able to 
breed within the estuary (Potter et al., 1990; Potter & Hyndes, 1999; Hoeksema et al., 
2009). This would have been facilitated by the relatively benign conditions that prevail 
in these estuaries. The lower numbers of estuarine species in the temperate macrotidal 
estuaries of the northern hemisphere presumably reflects a combination of the effects of 
the turbulence. Indeed, detailed studies of the fish species in the Severn Estuary in the 
United Kingdom indicated that only two of the 97 fish species recorded were regarded 
as being strictly estuarine, i.e. the Common Goby Pomatoschistus microps and the 
Black Goby Gobius niger (Claridge et al., 1986).  
 
1.4 Environmental conditions and their influence on fish faunas  
In most estuaries, salinity undergoes pronounced changes during the year as 
freshwater discharge either increases or decreases, often on a seasonal basis (Claridge 
et al., 1986; Whitfield, 1999; Hoeksema et al. 2006a). Furthermore, in macrotidal 
estuaries that exhibit strong tidal regimes, salinity also undergoes marked and often 
sudden changes during each tidal cycle (Thiel & Potter, 2001; Claridge et al., 1986). 
Salinity regimes vary not only between estuary types, but also among estuaries of the 
same type and even between years in the same estuary when inter-annual variations in 
freshwater discharge and evaporation are particularly marked (Hoeksema et al., 2006a; 
Chuwen et al., 2009a). These differences are related not only to varying amounts of 
local rainfall, but also to differences in catchment size, the extent of land clearing and 
the amount of intrusion by seawater, which in turn is related to the size and duration of 
the mouth opening (Bennett et al., 1985; Loneragan & Potter, 1990; Cooper, 2001; 
Whitfield, 1999). The ability to exploit the high productivity of these systems is 
therefore available only to those species that possess the osmoregulatory, morphological 
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and behavioural characteristics required to overcome these stresses (Marshall & Elliott, 
1998; Araujo et al., 1999; Whitfield, 1999). As a consequence, the faunas of estuaries 
are generally represented by a greater density but lower diversity than those in the sea, 
into which they discharge (Snelgrove, 2001; Josefson & Hansen, 2004; McLusky & 
Elliott, 2004; Hourston et al., 2011).  
 Since the range of salinities in which fish can live varies among species, it is 
generally accepted that the ability of a fish to osmoregulate over a wide range of 
salinities is the most important factor in determining the occurrence, distribution and 
movement patterns of species within estuaries (Loneragan et al., 1987; Maes et al., 
2005; Harrison & Whitfield, 2006; Salleslagh et al., 2009). As discussed earlier, 
euryhaline species (i.e. estuarine and/or marine migrant-opportunists) can tolerate a 
wide range of salinities and can thus be abundant throughout the estuary, whereas 
stenohaline species (i.e. marine stragglers and/or freshwater teleosts) can tolerate only a 
narrow range of salinities and predominantly occur in either the upper or lower reaches 
of estuaries in which the salinities are typically far less variable (Loneragan et al., 1989; 
Potter et al., 1990; Whitfield, 1999; Elliott et al, 2007b). There are many examples 
where very pronounced and sometimes also rapid changes in salinity in estuaries have 
resulted in mass fish mortalities (Bennett, 1985; Whitfield & Patterson, 1995; 
Hoeksema et al., 2006b). Hypersaline conditions caused by reduced rainfall and 
freshwater flows, together with high rates of evaporation in two normally-closed 
systems in south-western Australia, i.e. the Culham and Hamersley inlets, led to 
massive mortalities of the iconic sparid Acanthopagrus butcheri when salinities reached 
c. 65-75 (Hoeksema et al., 2006b). In an opposite example, massive fish deaths were 
recorded in the Bot River Estuary in south-western Africa after salinities declined to 
c. 3, following years of isolation from the ocean and heavy freshwater flows (Bennett, 
1985).  
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 Freshwater discharge not only influences salinity, but also triggers olfactory or 
other physical cues to fishes, such as those that lead to the immigration of marine 
postlarvae that utilize estuaries as nursery areas (Valesini et al., 1997; Whitfield, 1999). 
In addition, discharge can lead to nutrients being flushed into the estuary, thereby 
stimulating primary and secondary productivity and subsequently, an increase in the 
abundances of particular species (Loneragan et al., 1986; Whitfield, 1999). This is 
particularly evident in the microtidal estuaries of south-western Australia and southern 
Africa that receive highly seasonal rainfall and thus freshwater discharge, which, in 
turn, produces elevated nutrient loads in the lower estuarine reaches of rivers and 
promotes the release of trapped nutrients from sediments through increased turbidity 
(Hodgkin & Hesp, 1998; Potter et al, 1990; Whitfield, 1999). In south-western 
Australia, the input of nutrients in seasonal freshwater flows from the surrounding 
catchment of the Peel-Harvey Estuary in the early 1980s, contributed to severe 
eutrophication, which was reflected in massive growths of macroalgae and the 
cyanobacterium Nodularia spumigena (Lukatelich & McComb, 1986).  While excessive 
macroalgae growth in some years was considered responsible for the very high 
abundances of ‘plant’-associated species, such as the Western Striped Trumpeter 
Pelates octolineatus, the massive toxic blue-green algae blooms in other areas led to the 
movement of mobile fish species and to the death of less mobile fauna (Potter et al., 
1983a; Lenanton et al., 1985; Loneragan et al., 1986).   
 While estuaries in many parts of the world receive nutrient rich run-off from 
urban settlements, industrial production and cleared agricultural land (Smith et al., 
1999; Kennish, 2002; Kemp et al., 2005; David & Koop, 2006), the extent to which 
these systems respond to nutrient enrichment is dependent on their physical, chemical 
and geographical characteristics (Steckis et al., 1995; Kennish, 2002). In the case of 
microtidal estuaries in south-western Australia, the narrowness of their entrance 
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channels and the large, often shallow areas occupied by their basins, together with their 
typically low tidal regimes, mean that these estuaries are not well flushed and thus 
exhibit a far greater response to nutrient enrichment (Lukatelich & McComb, 1986; 
Hodgkin & Hamilton, 1993; Steckis et al., 1995). A combination of land clearing, 
intense agriculture and the consequent application of high quantities of fertilizers to the 
unretentive, rapidly draining sandy soils in the catchments of many south-western 
Australian estuaries has led to a long history of eutrophication (Lukatelich & McComb, 
1986; McComb & Davis, 1993; Hodgkin & Hamilton, 1993; Summers et al., 1999). In 
contrast, macrotidal estuaries such as San Francisco Bay in North America, do not 
typically exhibit the extreme effects of eutrophication due to their deep entrances and 
large tidal exchange which promote a greater flushing of nutrients (Steckis et al., 1995; 
Smith et al., 1999).  
 Symptoms of eutrophication, e.g. the proliferation of algae and declining water 
quality, have become increasingly evident in estuaries, lakes and other coastal waters in 
south-western Australia such as the Peel-Harvey Estuary, the Vasse estuary, the 
Beaufort and Wilson Inlets and the Oyster Harbour (Hodgkin & Hamilton, 1993). 
Eutrophication became so extreme in the Peel-Harvey Estuary in the 1980s that it was 
decided to construct a large artificial entrance that would increase the rate of flushing of 
nutrients out of the estuary. This was opened in 1994 and led to very conspicuous 
changes in the physio-chemical and biotic characteristics of this estuary (de Lestang 
et al., 2003; Young & Potter, 2003a; Brearley, 2005; Wildsmith et al., 2009; Rogers 
et al., 2010). Eutrophic conditions in this region are likely to intensify given the 
continuing increases in population in Western Australia. Indeed, the Australian Bureau 
of Statistics found that over a five year period from 2006 to 2011, Western Australia 
indicated the largest percentage increase in population growth at 14.2 % (ABS, 2012).   
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 Declines in freshwater discharge, whether it be attributed to the effects of 
climate change and/or anthropogenic impacts, is being recognized as a major factor 
influencing the dynamics of estuaries worldwide, yet little is known of their potential 
effects on ecosystems (Schlacher & Wooldridge, 1996; Whitfield, 1998; Kennish, 2002; 
Genner et al., 2004; Kundzewicz et al., 2008; Gillanders et al., 2011). This is 
particularly relevant in regions of south-western Australia where there is increasing 
evidence that annual rainfall will continue to decline over the next 50 years due to 
global warming (IOCI, 2002; Bates et al., 2008; Hobday et al., 2008). In fact, since the 
mid-1970s, south-western Australia has been as affected by climate change as anywhere 
in the world (McFarlane, 2005). These climatic changes are also expected to lead to 
warmer oceanic water temperatures (Caputi et al., 2009; Pearce & Feng, 2007), which 
have already proven to have important implications on the distributions of particularly 
tropical species (Gillanders et al, 2011; Pearce et al., 2011; Cheung et al., 2012).   
 
1.5 The Terapontidae 
The Terapontidae is represented in the estuaries of south-western Australia by 
large numbers of the Western Striped Trumpeter Pelates octolineatus, which is a marine 
species that uses these systems as a nursery area, and by the Yellowtail Trumpeter 
Amniataba caudavittata, which spawns in the upper part of estuaries and is rarely found 
in the marine environment (Potter et al., 1983b; Wise et al., 1994). Despite the very 
large numbers of P. octolineatus found in estuaries such as the Peel-Harvey Estuary, 
this species is the only abundant teleost in south-western Australian estuaries whose 
biology has not been studied in detail. The only terapontid found in estuaries of 
temperate south Africa, i.e. the Crescent Grunter Terapon jarbua, is not common in 
these systems but is relatively abundant in some subtropical estuaries further north such 
as the Bulolo and Mtumbane estuaries (Whitfield & Blaber, 1978; Whitfield, 1979). 
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Terapon jarbua is a marine species that enters estuaries as juveniles, where it can 
tolerate a wide range of salinities, i.e. 0-72 (Whitfield, 1979; Whitfield, 1998). This 
species has a highly specialized dietary habit in the removal and consumption of fish 
scales from large living fishes, i.e. lepidophagy (Whitfield & Blaber, 1978; Whitfield, 
1979). Terapon jarbua has also been feeding in this manner in the tropical estuaries of 
northern Australia where this species is also relatively abundant (Davis et al., 2011). 
Twenty two of the 48 species of terapontid occur in Australia often also in large 
numbers where they are widely renowned for their wide dietary diversity, and thus play 
important roles in their ecosystems (Morgan et al., 1998; Nelson, 2006).  
There has been considerable taxonomic confusion in the family Terapontidae, as 
many of its genera have been revised or undergone name changes. In south-western 
Australia, Pelates octolineatus was mistakenly identified in earlier studies as the Eastern 
Striped Trumpeter Pelates sexlineatus (Potter et al., 1983b; Loneragan et al., 1986, 
1987; Potter & Hyndes, 1999; Young & Potter 2003a, b). It is now evident that these 
two species have distinct geographic distributions, however, with P. sexlineatus 
occurring along the south-eastern coast of Australia between Southern Queensland and 
Green Cape, New South Wales (Neira et al., 1998) and P. octolineatus being endemic to 
coastal marine and brackish waters from Broome, Western Australia (17°S 122°E), to 
Kangaroo Island, South Australia (35°S 137°E) (Neira et al., 1998; Gomon et al., 2008). 
The six morphological characteristics that distinguish the two species (Jenyns, 1840) 
include the following. (1) Pelates octolineatus has eight longitudinal dark lines across 
its body, with faint traces of a ninth, whereas P. sexlineatus has only six. (2) Unlike 
P. sexlineatus, P. octolineatus has a series of small dark spots on the soft portion of the 
dorsal, anal and caudal fin rays. (3) The crown of the head of P. octolineatus has two 
almost parallel elevated lines which originate between the nostrils and terminate at the 
occiput. Unlike P. sexlineatus, these two lines do not meet in P. octolineatus. 
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(4) Pelates octolineatus has three less anal fin rays than P. sexlineatus, while 
P. sexlineatus has an additional dorsal fin ray to P. octolineatus. (5) The dorsal fin is 
more deeply notched in P. octolineatus than in P. sexlineatus. (6) Pelates octolineatus 
has a short and obtuse snout, whereas P. sexlineatus has a relatively longer snout.  
 
1.6 Aims 
The first broad aim of this thesis was to obtain sound quantitative data on the 
number of species, densities and compositions of the fish faunas in nearshore waters of 
the Leschenault Estuary and the Peel-Harvey Estuary in south-western Australia. These 
data could then be compared with those recorded in earlier decades to elucidate the 
extent to which the characteristics of the fish faunas in each of these estuaries had 
changed over the last 10 to 30 years. Such comparisons were particularly pertinent in 
the case of the Peel-Harvey Estuary as the biotic, morphological and hydrological 
characteristics of this estuary had undergone such massive anthropogenically-induced 
changes during that period (see later).    
The second board aim was to determine the biological characteristics of the 
Western Striped Trumpeter Pelates octolineatus in the Peel-Harvey Estuary and 
elucidate whether its densities had fluctuated in response to the changes undergone by 
this system in recent decades. The biological characteristics of the terapontid were also 
determined for nearshore coastal waters in which it is also abundant to elucidate how 
these characteristics varied among two such different ecosystems.  
Detailed aims and hypotheses are provided in subsequent Chapters.  
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CHAPTER 2 
Characteristics of the fish fauna of the Leschenault Estuary,  
including comparisons with those in the mid 1990s 
 
2.1 Introduction  
Detailed studies of the ichthyofaunas of several estuaries in south-western 
Australia have highlighted the importance of these systems as key nursery areas for a 
number of marine species (see review by Potter & Hyndes, 1999; Potter et al., 2000), 
thereby paralleling the situation in temperate estuaries in the northern hemisphere 
(Haedrich 1983, Claridge et al., 1986; Elliott & Dewailly, 1995; Able & Fahay, 2010). 
This accounts for the marine estuarine-opportunist guild comprising 20 of the 42 fish 
species recorded in the mid-1990s in nearshore waters of the Leschenault Estuary, 
which is located on the lower west coast of Australia, just to the south of the Swan-
Canning and Peel-Harvey estuaries (Fig. 1.1), which  are likewise permanently open 
(Potter et al., 1997b, 2000). In addition to providing an important nursery for many 
marine fish species, several of which are of commercial and recreational value, the 
Leschenault Estuary supports a range of other flora and fauna, including seagrasses and 
algae, foraminiferanas, molluscs, polychaetes and benthic crustaceans (Durr & 
Semeniuk, 2000; Hillman et al., 2000; Potter & de Lestang, 2000; Semeniuk, 2000; 
Semeniuk & Wurm, 2000; Wurm & Semeniuk, 2000). 
As with many estuaries in south-western Australia, the Leschenault Estuary has 
undergone considerable changes over the past 80 years (Semeniuk et al., 2000). For 
example, the construction of Wellington Dam on the Collie River in 1933 modified the 
pattern of freshwater flow into the estuary, while the artificial closure of the entrance 
channel at the southern end of the estuary and the construction of a new channel 
opposite the mouth of the Collie River in 1951 changed the hydrodynamics within this 
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system (Semeniuk & Meagher, 1981; Semeniuk et al., 2000; Brearley, 2005). The 
Leschenault Estuary differs from other nearby estuaries on the lower west coast of 
Australia, such as the Swan-Canning and Peel-Harvey estuaries, in that it lacks a 
‘simple’ continuum from the river to the estuary to the sea. This is due to the fact that its 
major tributary, the Collie River, discharges into the lower part of the basin at a point 
directly opposite the entrance channel. Hence, any marked increase in freshwater 
discharge during winter does not result in the salinity throughout most of the basin 
undergoing the types of extreme decline that occur in those other nearby systems (Potter 
et al., 1990; Chuwen et al., 2009a). Furthermore, the absence of freshwater discharge 
and the presence of high rates of evaporation in the shallow, upper regions of the 
estuary lead to that region becoming hypersaline in the late summer and autumn of most 
years (Potter & de Lestang, 2000). This is similar to the situation in certain shallow 
regions of the Peel-Harvey Estuary (see Chapter 4) and in normally-closed estuaries 
along the south coast of Western Australia (Young & Potter, 2002; Hoeksema et al., 
2006b; Chuwen et al., 2009a).   
The exchange of water between the estuary and ocean substantially increased 
with the construction of the artificial entrance channel in the 1950s, resulting in the 
main regions of the basin having salinities of around full strength seawater and water 
column stratification (McKenna, 2007). However, the reduction in the flushing of the 
estuary during recent years brought about by declines in rainfall and thus freshwater 
flow has led to the increased retention of sediment, in particularly the southern basin of 
the estuary, which acts as a ‘sink’ for fine sediments and nutrients that are transported 
off the surface of the catchment through riverine discharge (McKenna, 2004; DoW, 
2011). Indeed, a recent study by Kilminster (2010) found that the proportions of mud or 
fine sediments were greater in the Leschenault Estuary than in either the Peel-Harvey 
Estuary or Swan-Canning Estuary. Reduced freshwater flushing, together with an 
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increase in nutrient loading from the catchment as a result of intensified dairying and 
cattle grazing, has led to the system becoming increasingly eutrophic (McKenna, 2007). 
For example, the concentrations of chlorophyll a in the lower Preston River in 2000 and 
2006 were often 30 times higher than that recommended in the ANZECC guidelines 
(DoW, 2011). Eutrophic conditions are further demonstrated by the development of 
prolific growths of nuisance macroalgae in the southern regions of the Leschenault 
Estuary during summer and of blooms of phytoplankton and toxic blue-green algae in 
the river mouths following heavy rains, with the latter leading to episodic fish kills 
(McKenna, 2007).  
As the population of the greater Bunbury Region, including areas of the 
Leschenault catchment, is expected to grow from the c. 80,000 in 2011 to 150,000 by 
2031 (WAPC, 2011), nutrient enrichment is likely to intensify through increased 
urbanisation. These problems are likely to be exacerbated over the next 50 years as 
further declines in rainfall and increases in water temperatures are forecasted in the 
region due to the effects of climate change (Hobday et al., 2008; DoW, 2011). In the 
context of temperature, it is worth noting that, during February and March 2011, water 
temperatures off the south-western coast of Western Australia rose to unprecedented 
levels in what was referred to as a “marine heat wave” (Pearce et al., 2011). While 
numerous biological and fisheries effects were observed, among the most prevalent 
were the southern extensions of the ranges of a number of tropical marine species, 
including the Bengal Sergeant Abudefduf bengalensis and the Mahi Mahi Coryphaena 
hippurus (Pearce et al., 2011). 
Papers presented at a Royal Society of Western Australia symposium in 1999 
provided collations of the data collected on the flora, fauna and physico-chemical 
characteristics of the Leschenault Estuary over the previous 20 years (see Vol. 83 
J. Roy. Soc. WA., 2000). These revealed that the biota in the estuary can vary markedly 
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both within and between years (Hillman et al., 2000; McComb et al., 2000; Potter & de 
Lestang, 2000; Potter et al., 2000; Raines et al., 2000). Detailed comparative studies 
showed that the amounts of seagrass cover and the abundance and diversity of 
invertebrates declined between 1982 and 87 and again between that latter year and 
1997-98 when the benthic invertebrate fauna was ‘depauperate’ (Semeniuk et al., 2000). 
A ‘snapshot’ survey in 2005 by Semeniuk & Semeniuk (2005) of the biomass of 
Halophila ovalis, the predominant seagrass species in the Leschenault Estuary, showed 
that, while this seagrass was absent at a number of sites, its biomass in other areas was 
greater than that recorded earlier in 1997-98. Furthermore, the same survey showed that, 
while the invertebrate fauna (molluscs, small benthic crustaceans and polychaetes) was 
depauperate at some sites in 2005, thereby paralleling the situation in 1997-98, that 
fauna had recovered slightly at some other sites since 1997-98 (Semeniuk & Semeniuk, 
2005). However, the species richness and abundance of these invertebrates were far less 
than those recorded in 1982-87 (Semeniuk & Semeniuk, 2005).  
The collation of the above data highlighted major gaps in the information for 
most of the biota in the Leschenault Estuary and the need for more detailed and ongoing 
research aimed at obtaining a greater understanding of the functioning of this 
ecosystem. It was considered particularly important to obtain data that would increase 
the ability to predict the extent to which the long-term effects of progressive increases in 
urbanisation and industrial development in the area surrounding this system would 
impact on the biota of the Leschenault Estuary (Semenuik et al., 2000; DoW, 2011).   
 The ichthyofauna of the Leschenault Estuary was studied in 1974 (Chalmer & 
Scott, 1984) and 1994 (Potter et al., 1997b, 2000). While the data produced by both 
studies are invaluable for understanding the characteristics of the fish fauna of the 
Leschenault Estuary, it should be recognised that the sampling undertaken in 1974 was 
confined to a single month (December) and employed a larger seine net, i.e. 102.5 m vs 
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21.5 or 41.5 m. Furthermore, while the fish faunas in the lower reaches of the estuary 
were sampled at regular six-weekly intervals in 1994, those in the upper reaches of the 
basin were sampled irregularly and only when depths exceeded 0.5 m (Potter et al., 
1997b). 
 Chalmer & Scott (1984) showed that the Leschenault Estuary contained a range 
of benthic fauna, such as polychaetes, bivalves and amphipods, which constituted 
important components of the diets of several fish species, such as the Yelloweye Mullet 
Aldrichetta forsteri, the Weeping Toadfish Torquigener pleurogramma and the King 
George Whiting Sillaginodes punctatus. Furthermore, extensive seagrass beds and algae 
were also found to provide abundant food sources for herbivorous invertebrates and 
omnivorous fish. Potter et al. (1997, 2000) showed that the densities of fish in the 
nearshore waters of the Leschenault Estuary were greater than those in Koombana Bay, 
immediately outside this system. This was suggested to reflect a lower predation from 
avian piscivores and a greater overall productivity inside the estuary, the latter of which 
was attributable to greater densities of seagrasses and invertebrate fauna and thus of 
potential prey (Potter et al., 1997b, 2000). The most abundant species caught in the 
lower reaches of the estuary using a 21.5 seine net were the Southern Longfin Goby 
Favonigobius lateralis, the Sandy Sprat Hyperlophus vittatus, the Silverfish 
Leptatherina presbyteroides and the Elongate Hardyhead Atherinosoma elongata 
(Potter et al., 1997b). Although the shallow waters of the basin provided an important 
nursery area for many marine estuarine-opportunists, such as A. forsteri, the Sea Mullet 
Mugil cephalus and S. punctatus, the overall abundance of these opportunists (32 %) 
was not as great of those of the estuarine residents, i.e. those species capable of 
completing their life cycle within the estuary, which comprised 68 % of the catch 
(Potter et al., 2000).  
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During the present study, detailed information was collected on the species 
density and composition of the fish faunas in nearshore, shallow waters in each of the 
four regions of the basin of the Leschenault Estuary, i.e. lower, middle, upper and apex. 
The resultant data were used to test the following hypotheses. (1) The presence of 
hypersaline conditions and elevated water temperatures during summer in the upper and 
particularly apex regions results in the number of species, density and diversity of the 
fish faunas being less in those regions. Likewise, the compositions of the fish faunas in 
the upper regions of the estuary differ from those in the middle and lower regions of the 
estuary. (2) The closer proximity of the lower and middle regions of the estuary to the 
artificial entrance channel, and thus to a marine influence, results in the fish faunas of 
these regions being dominated by greater numbers of species with marine affinities.  
The second aim of the present study was to compare the species richness, 
density and compositions of the fish faunas in the nearshore waters of the lower and 
middle regions of the Leschenault Estuary in 2008-10 with those recorded for the 
assemblages in the same regions using identical nets in 1994. These comparisons were 
aimed at testing the following hypothesis. Given reports that the density and diversity of 
the benthic flora and fauna in the Leschenault Estuary has undergone further change 
since the 1990s, the density, diversity and composition of the fish fauna will have also 
changed since that period. In particular, it is hypothesised that the number of macroalgal 
and/or seagrass associated species has increased.  
 
2.2 Materials and methods 
2.2.1 Study area 
 The Leschenault Estuary, located at 115°42’E, 33°16’S and c.150 km south of 
Perth, is a 14 km long, inter-barrier estuary that lies parallel to the coast of the Indian 
Ocean (Fig. 2.1). It has a surface area of c. 25 km2 and an average depth of < 1 m and a
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Figure 2.1. Map showing the sites in nearshore waters of the four regions of the 
Leschenault Estuary, i.e. lower, middle, upper and apex regions, that were sampled 
using a 21.5 m (all circles) net in each consecutive season between the Austral winter of 
2008 and Austral autumn of 2010. The sites that were also sampled in the same period 
using a 41.5 m net in the lower and middle regions are also shown (black circles), along 
with the three sites that were sampled previously using a 21.5 m and 41.5 m net in the 
lower and middle regions (black circles with squares) in each season between the 
Austral summer and Austral spring in 1994.  
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maximum depth of 2 m (Brearley, 2005). The estuary receives freshwater input from the 
Collie and Preston rivers, which discharge into the southern end of the basin, and from 
the Parkfield Drain at the northern end of the basin (Fig. 2.1; Brearley, 2005; McKenna, 
2007). The Parkfield Drain is located within the wetlands in the northern area of the 
estuary and, while contributing significant nutrient loads to the estuary, delivers 
minimal amounts of freshwater (DoW, 2010; EPA, 2011). The catchment of the 
Leschenault Estuary covers c. 2,020 km2 and includes those of the Wellesley and 
Brunswick rivers, which are smaller tributaries of the Collie River below Wellington 
Dam and Ferguson River that connects with the Preston River (Kelsey, 2010). 
Approximately 44 % of the catchment of the estuary has been cleared of its natural 
vegetation, largely for agriculture, but also for industrial and urban uses (DoW, 2010). 
 
2.2.2 Sampling regime 
 Fish at four replicate sites in the nearshore, shallow waters (i.e. < 1.5 m depth) in 
each of the four regions of the basin of the Leschenault Estuary, i.e. the lower, middle, 
upper and apex regions (Fig. 2.1), were sampled using a 21.5 m seine net in each season 
over two consecutive years between the Austral winter (July) 2008 and the Austral 
autumn (April) 2010. This net, which comprised two 10 m long wings (6 m of 9 mm 
mesh and 4 m of 3 mm mesh)  and  a  1.5 m  long  bunt  (3 mm  mesh), swept  an  area   
of  c. 116 m2 and fished to a maximum depth of 1.5 m. The fish at each of the four sites 
in the lower and middle regions were also sampled at the same time using a 41.5 m 
seine net, which consisted of two 20 m long wings (25.4 mm mesh) and a 1.5 m long 
bunt (9 mm mesh). It was deployed in a semi-circle from a dinghy and either hauled 
into the boat or, when possible, on to the bank. This net swept an area of c. 274 m2. As 
the use of the 41.5 m net required a dinghy, shallow sites in the upper and apex regions 
of the estuary could only be sampled using the 21.5 m seine net. Three of the four sites 
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in each of the lower and middle regions of the estuary were the same as those sampled 
at six weekly intervals between the Austral summer and Austral spring of 1994 using 
21.5 m and 41.5 m seine nets with the same dimensions as those employed in the 
present study (Fig. 2.1; Potter et al., 1997b).  
Following their capture, the fishes were immediately euthanised by being placed 
in an ice slurry and transported to the laboratory where they were identified to species 
and assigned a life-cycle guild (see General Introduction). The total number of 
individuals of each species in each sample was recorded and the total length of each 
individual measured to the nearest 1 mm, except when a large number of any one species 
was caught, in which case the lengths of 50 fish were measured.  
The salinity and water temperature in the middle of the water column at each site 
on each sampling occasion were recorded using a Yellow Springs International Model 
85 oxygen, conductivity, salinity and temperature meter.  
 
 
2.2.3 Characteristics of the fish fauna of the Leschenault Estuary in 2008-10  
The statistical analyses used in this and Chapters 3 and 4 employ the routines in 
the PRIMER v6 multivariate statistics package (Clarke & Gorley, 2006) and the 
PERMANOVA+ add-on module (Anderson et al., 2008).  
 
2.2.3.1. Univariate analyses of environmental and biotic variables  
The mean values for salinity, water temperature, number of species (species 
richness), density (fish 100m-2) and the Shannon-Wiener index in each of the eight 
consecutive seasons (“two years”) in each of the four regions of the estuary were used 
to construct separate Euclidean distance matrices (Clarke & Gorley, 2006). The last 
three biotic variables were calculated using the DIVERSE routine. Each of the above 
five matrices were subjected separately to three-way Permutational Multivariate 
Analysis of Variance (PERMANOVA; Anderson, 2001; Anderson et al., 2008) to 
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determine whether any of the above environmental or biotic variables differed among 
years (two levels, i.e. 2008/09 and 2009/10), seasons (four levels) and regions (four 
levels, i.e. lower, middle, upper and apex) and the extent of any interactions among 
these main effects, all of which were considered fixed. Prior to undertaking 
PERMANOVA, the values for each dependent variable were examined to ascertain 
whether any of these required transformation to meet the test assumption of 
homogeneous dispersions among a priori groups (Anderson, 2001). This was achieved 
by determining the extent of the linear relationship between the loge(mean) and the 
loge(standard deviation) of all groups of replicate samples and then, using the criteria 
outlined by Clarke & Warwick (2001), selecting an appropriate transformation. The 
results showed that salinity and the Shannon-Wiener index required a square-root 
transformation, the number of species a fourth-root transformation and water 
temperature and density a loge(X+1) transformation.  
In all PERMANOVA tests, the null hypothesis that there was no significant 
difference among a priori groups was rejected if the significance level (P) was < 0.05. 
The relative influence of each term in the model was quantified by comparing the 
magnitude of the Pseudo-F (pF) values. The main sources of any significant differences 
detected by PERMANOVA were identified by examining plots of the marginal means 
of the dependent variables, back-transformed where necessary, with associated 95 % 
confidence intervals.  
 
2.2.3.2. Multivariate analyses of the fish compositions 
The counts of each fish species caught using the 21.5 m seine net at each of the 
four sites in each region in each season in 2008/09 and 2009/10 was initially subjected 
to dispersion weighting to down-weight the contributions of those species that exhibited 
erratic differences in abundance between replicate samples (Clarke et al., 2006). The 
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resultant data were then square-root transformed to reduce the influence of any 
abnormally high and/or low abundances. These pre-treated data were then used to 
construct a Bray-Curtis similarity matrix, which was subjected to the same 
PERMANOVA design as described in Chapter 2.2.3.1., comprising two years, four 
seasons and four regions.  
As PERMANOVA detected significant interactions between year and both 
season and region (see Chapter 2.3.4), two-way crossed ANOSIM tests employing the 
above Bray-Curtis matrix were conducted to examine the influence of each factor in the 
year × season and year × region interactions. ANOSIM was preferred at this stage of the 
analysis over PERMANOVA because of the greater robustness of a fully 
non-parametric test and the fact that the variations among the R-statistic values provide 
a measure of the relative differences between the factors (e.g. Lek et al., 2011). The 
R-statistic typically ranges from c. 0, when the average similarities among and within 
groups do not differ, up to 1, when the compositions of all samples within each group 
are more similar to each other than to those of any of the samples from other groups 
(Clarke & Gorley, 2006). The null hypothesis that the fish compositions were not 
significantly different was rejected when P was < 0.05.  
Non-metric Multidimensional Scaling (nMDS) ordination plots were constructed 
from Bray-Curtis similarity matrices derived from the mean abundances of the various 
fish species in each region in each successive season in 2008/09 and 2009/10. These 
plots were used to visualise the extent to which the a priori groups of each factor 
differed, and the basis for any interactions between factors, as identified by 
PERMANOVA.  
When there was a significant difference between the ichthyofaunal compositions 
of a priori groups, a two-way crossed Similarity Percentages analysis (SIMPER; Clarke 
& Gorley, 2006) was used to identify which fish species typified the faunal composition 
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of each of those a priori groups and which were responsible for distinguishing between 
the fish compositions in each pair of those groups. In the case of the year × season 
interaction, the species driving seasonal differences were examined separately for each 
year employing one-way SIMPER. The focus in all SIMPER analyses was placed on 
those species that had the highest similarity/standard deviation and 
dissimilarity/standard deviation ratios and those that were most abundant.  
 
2.2.4. Characteristics of the fish fauna of the Leschenault Estuary in 1994 and 
2008-10 
 The following period comparisons involving univariate (i.e. number of species, 
total density and Shannon-Wiener index) and multivariate (i.e. species composition) 
analyses employing the fish abundances recorded using the 21.5 and 41.5 m seine nets 
at the three sites in the lower and middle regions of the Leschenault Estuary in each 
season between summer and spring in 1994, and those in the four consecutive seasons 
between winter 2008 and autumn 2009 and between winter 2009 and autumn 2010. As 
the fish faunas in 1994 were sampled in both the first and last month of each season, 
when using the 21.5 m net, the data for those two months in each season were pooled to 
create a seasonal mean and thus enabling comparisons with the seasonal data collected 
between 2008 and 2010. In contrast, the fish faunas in 1994 were sampled only once in 
each season using the 41.5 m seine net. For convenience, each of the four consecutive 
seasons are considered to represent a year and are thus referred to as 1994, 2008/09 and 
2009/10. 
 
2.2.4.1. Univariate analyses of environmental and biotic variables in 1994, 2008/09 and 
2009/10 
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 The mean values recorded for salinity and water temperature in the lower and 
middle regions of the estuary in each season in 1994, 2008/09 and 2009/10 were used to 
construct separate Euclidean distance matrices. Both matrices for those two 
environmental variables were independently subjected to a three-way PERMANOVA 
design, comprising years (three levels, i.e. 1994, 2008/09 and 2009/10) × seasons (four 
levels) × regions (two levels, i.e. lower and middle estuary), with each of these factors 
considered fixed. As above, the slope of the linear relationship between the loge(mean) 
and the loge(standard deviation) was used to determine which data required 
transformation. This analysis indicated that water temperature required a loge(X+1) 
transformation, while the low variability in the values for salinity close to that of full 
seawater, i.e. 36, caused the slope to be highly negative. Thus, prior to PERMANOVA 
analysis, each salinity value was subtracted from 41 (a value greater than the maximum 
salinity) before being subjected to a square-root transformation. 
The mean values for number of species, density (fish 100 m-2) and the 
Shannon-Wiener index derived from samples obtained from the lower and middle 
regions of the estuary using the 21.5 and 41.5 m nets in each season in 1994, 2008/09 
and 2009/10 were used to construct separate Euclidean distance matrices. Initially, the 
data for 2008/09 and 2009/10 in each matrix were subjected to a preliminary 
PERMANOVA design similar to that described above, to test whether each of the three 
variables differed significantly between the two years. Since there were no differences 
in each of these variables for either net (i.e. all P values > 0.05), the data for the number 
of species, density and the Shannon-Wiener index derived from the data for each net 
were pooled for these two years by meaning across regions and seasons. The data for 
each net were used to construct separate Euclidean matrices (one for each variable and 
net), which were each subjected to a three-way crossed PERMANOVA design 
comprising periods (two levels, i.e. 1994, 2008-10), seasons (four levels) and regions 
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(two levels). Prior to PERMANOVA, the densities derived from the samples collected 
by each net were subjected to a loge(X+1) transformation and the number of species was 
square-root transformed in the case of both nets and for the Shannon-Wiener index for 
the 21.5 m net. Significant differences detected by PERMANOVA in the environmental 
and biotic variables were explored using plots of the marginal means of the dependent 
variables, back-transformed where necessary, with associated 95 % confidence 
intervals. 
 
2.2.4.2. Multivariate analyses of the fish compositions 
The abundance of each fish species at each site in the lower and middle regions 
of the estuary in each season in 1994, 2008/09 and 2009/10 derived from the samples 
collected using the 21.5 and 41.5 m nets were dispersion weighted and square-root 
transformed. These data were used to construct separate Bray-Curtis similarity matrices 
(one for each net), which were then subjected to a three-way PERMANOVA design 
identical to that described above, i.e. comprising years, seasons and regions. Since these 
analyses of the compositions of the fish faunas detected significant interactions between 
year and both season and region for the 21.5 m net and between year × region for the 
41.5 m net (see Chapter 2.3.2.4), two-way crossed ANOSIM tests, employing the same 
matrices, were conducted to identify the basis for these interactions. For both net types, 
there was no significant difference between the icthyofaunal composition in 2008/09 
and 2009/10 and thus, using a similar rationale to that employed for the univariate 
analyses (see Chapter 2.2.4.1), the abundances of fish in each region in each season 
were pooled for these two years and subsequently referred to as 2008-10.  
The abundances of the fish species recorded using the 21.5 and 41.5 m nets in 
each region in each season in 1994 and 2008-10 were used to derive two separate 
Bray-Curtis similarity matrices, i.e. one for each net, each of which was then subjected 
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to a three-way PERMANOVA design identical to that described in 2.2.4.1, comprising 
period, season and region. Since PERMANOVA detected significant interactions 
between these main effects, two-way crossed ANOSIM tests, employing the same 
matrices, were conducted to examine the relative influence of each factor.  
Non-metric Multidimensional Scaling ordination plots were constructed and 
used to visualise both the extent to which a priori groups differed and the basis for any 
interactions between factors that were identified by PERMANOVA. When significant 
differences were present among a priori groups, SIMPER was employed to identify 
typifying and distinguishing species (see Chapter 2.2.4.1).  
 
2.3 Results 
2.3.1 Characteristics of the fish fauna of the Leschenault Estuary in 2008-10  
2.3.1.1 Environmental conditions 
 Three-way PERMANOVA demonstrated that salinity differed significantly 
among years, seasons and regions and that there was a significant year × season and 
year × region interaction (Table 2.1a). The Pseudo-F (pF) values indicate that, among 
the main effects and significant interaction terms, season explained the greatest 
proportion of the variability. Mean salinity underwent pronounced seasonal changes, 
rising from its minima in winter to its maxima in summer and then declining in autumn 
(Fig. 2.2a). In all seasons apart from winter, salinities generally followed a linear 
gradient, with values being highest in the apex and lowest in the lower basin. Although 
they followed the same seasonal trends, the mean salinities in each season in 2008/09 
were consistently higher than those recorded in corresponding seasons in 2009/10 
(Fig.2.2a).  
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Table 2.1. Mean squares (MS), Pseudo-F (pF) and significance levels (P) for 3-way 
PERMANOVA tests on the Bray-Curtis similarity matrices constructed for (a) salinity 
and (b) water temperature in the four regions sampled in the Leschenault Estuary in 
each season in the two consecutive ‘years’ between winter 2008 and autumn 2010. 
df = degrees  of  freedom. Significant results are highlighted in bold. 
 
  (a) Salinity  (b) Water temperature 
Main Effects df MS pF P  MS pF P 
Year 1 2.260 37.0 0.001  0.003 0.696 0.426 
Season 3 5.760 94.3 0.001  2.220 547.9 0.001 
Region 3 1.410 23.1 0.001  0.152 37.6 0.001 
Interactions         
Year × Season 3 0.311 5.1 0.002  0.164 40.4 0.001 
Year × Region 3 0.143 2.3 0.075  0.030 6.7 0.003 
Season × Region 9 0.349 5.7 0.001  0.040 9.6 0.001 
Year × Season × Region 9 0.107 1.8 0.091  0.030 7.4 0.001 
Residuals 92 0.061    0.004   
 
 
 
 
 
 
Figure 2.2. Mean seasonal values for (a) salinity and (b) water temperature in nearshore 
waters of the four regions of the Leschenault Estuary, i.e. the lower, middle, upper and 
apex region, between winter 2008 and autumn 2010. For clarity, error bars representing 
the average ± 95 % confidence intervals have been presented for each plot.  
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Water temperature was significantly related to season and region and all 
interactions terms involving these main effects were significant, with season being by 
far the most influential (Table 2.1b). Water temperature exhibited pronounced seasonal 
changes, rising from a minimum in winter to a maximum in summer before declining in 
autumn (Fig. 2.2b). The significant year × season × region interaction is explained by 
the fact that mean water temperatures did not always follow the same rank order with 
region in each season, and the values in a region in a given season in one year 
sometimes differed markedly from those in another year (Fig. 2.2b). 
 
2.3.1.2. Mean densities of fish species and life-cycle guilds  
 A total of 27,044 fish, representing 43 species, were caught in nearshore waters 
of the lower, middle, upper and apex regions of the Leschenault Estuary using the 
21.5 m seine net in the eight seasons between the Austral winter of 2008 and Austral 
autumn of 2010 (Table 2.2). The five most abundant species were the Elongate 
Hardyhead Atherinosoma elongata, Spotted Hardyhead Craterocephalus mugiloides, 
Sandy Sprat Hyperlophus vittatus, Yelloweye Mullet Aldrichetta forsteri and the 
Silverfish Leptatherina presbyteroides, which collectively contributed c. 75 % to the 
total catch. While the two most abundant species were both estuarine residents, 
A. elongata was c. 2.5 times more abundant than C. mugiloides. These two species 
together contributed c. 68 and 83 % to the catches of fish in the upper and apex regions, 
respectively. This contrasted with the situation in the lower region of the Leschenault 
Estuary where A. forsteri, H. vittatus and L. presbyteroides were the three most 
abundant species, together accounting for over c. 69 % of the fish caught in this region 
(Table 2.2). These first two marine estuarine-opportunist species were generally 
confined to the lower estuary, for example H. vittatus was not caught in either the upper 
or apex regions and the total numbers of A. forsteri caught in the lower basin
34
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of the estuary were over twice that recorded in the other three regions combined 
(Table 2.2). While H. vittatus was the second most abundant in the middle region, 
A. elongata and C. mugiloides were as equally or more abundant, and together, the three 
species comprised c. 53 % of the total catch in this region. Other species which 
contributed > 5 % to the total catch and were thus relatively abundant in the samples 
were the estuarine & marine species the Southern Longfin Goby Favonigobius lateralis 
(6.8 %) and the Common Hardyhead Atherinomorus vaigiensis (4.8 %). Twice as many 
fish were caught in the middle region of the estuary than in any other region (Table 2.2).  
The catches of fish from nearshore, shallow waters of the Leschenault Estuary 
contained 22 species of marine estuarine-opportunist, eight species of marine straggler, 
seven estuarine & marine species and six estuarine resident species. The number of 
species varied greatly among regions, with 35 and 32 species recorded in the middle and 
lower regions, respectively, compared with 22 and only 12 in the upper and apex 
regions, respectively. While marine estuarine-opportunists made a large contribution to 
the number of species in the Leschenault Estuary, the estuarine residents were the most 
numerous in terms of number of individuals. Thus, 48.3 % of fish caught were estuarine 
residents, 32.1 % were marine estuarine-opportunists, 19.1 % were estuarine & marine 
and only 0.5 % were marine stragglers.  
Marine estuarine-opportunists were most abundant in the lower region, 
contributing 68.8 % to the fish caught in this area. Furthermore, as with the number of 
species, the number of individuals belonging to this life cycle category decreased with 
increasing distance from the entrance channel, whereas the reverse was true for 
estuarine residents. 
 
 
 
37 
2.3.1.3  Number of species, density and the Shannon-Wiener index 
 Three-way crossed PERMANOVA demonstrated that the mean number of 
species differed significantly among regions and for all interactions involving season 
(Table 2.3). Region exerted the greatest influence on the mean number of species 
followed by the year × season interaction. In general, the mean number of species was 
greatest in the middle and lower regions of the estuary (Fig. 2.3a). This regional effect 
was more pronounced during spring and summer, and particularly in 2009/10, when 
eight species were not recorded during these seasons in the apex and upper regions that 
were recorded in those regions in the previous year.  
 
 
Table 2.3. Mean squares (MS), Pseudo-F values (pF) and significance levels (P) for 
three-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed for 
(a) number of species, (b) mean densities (fish 100 m-2) and (c) mean Shannon-Wiener 
index derived from data obtained from samples collected using a 21.5 m seine net in the 
four regions of the Leschenault Estuary, i.e. the lower, middle, upper and apex, in each 
season over the two consecutive ‘years’ between winter 2008 and autumn 2010. 
df = degrees of freedom. Significant results are highlighted in bold.  
 
 
 (a) Number of species  (b) Density 
Main Effects df MS pF    P  MS pF   P 
Year 1 99 2.5 0.108  337 2.2 0.114 
Season 3 64 1.6 0.171  821 5.3 0.002 
Region 3 560 14.4 0.001  1203 7.8 0.001 
Interactions         
Year × Season 3 218 5.6 0.006  1611 10.4 0.001 
Year × Region 3 59 1.5 0.206  641 4.1 0.002 
Season × Region 9 87 2.2 0.016  806 5.2 0.001 
Year × Season × Region 9 88 2.3 0.016  835 5.4 0.001 
Residuals 9
2 
39    154   
   
 (c) Shannon-Wiener index 
Main Effects df MS pF P 
Year 1 548 8.3 0.004 
Season 3 137 2.1 0.097 
Region 3 1335 20.2 0.001 
Interactions     
Year × Season 3 195 2.9 0.032 
Year × Region 3 116 1.8 0.146 
Season × Region 9 257 3.9 0.003 
Year × Season × Region 9 122 1.9 0.059 
Residuals 9
2 
66   
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Figure 2.3. (a) Number of species and (b) mean density (fish 100 m-2) in each of the 
four regions of the Leschenault Estuary, i.e. the lower, middle, upper and apex, in each 
season between winter 2008 and autumn 2010 and (c) mean values for the 
Shannon-Wiener index in each region in each season (data pooled for both years) and in 
each (d) season in 2008/09 and 2009/10 (pooled regions). For clarity, error bars 
representing the average ± 95 % confidence intervals have been presented for (a), (b) 
and (c). 
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 The density of fish was found by three-way PERMANOVA to differ 
significantly between regions and seasons and for all interaction terms (Table 2.3). The 
year × season × region interaction term was the most influential due to the lack of a 
consistent pattern in density across those three factors. For example, the density in the 
apex region was by far the highest of all regions in autumn of  2008/09 but the second 
lowest in that season in 2009/10 (Fig. 2.3b). 
 The values for the Shannon-Wiener index differed significantly among regions 
and years and also the year × season and season × region interaction terms (Table 2.3). 
The pF value was greatest for the year × season interaction followed by region 
(Table 2.3). In all seasons, diversity was least in the apex region. However, the 
season × region interaction can be explained by the lack of a consistent pattern among 
the remaining regions in the various seasons (Fig. 2.3c). The season × year interaction 
was caused, in part, by the diversity being greater in the spring of 2008/09 than in the 
same season in 2008/09, whereas in all other seasons there were no significant 
differences among years (Fig. 2.3d). 
 
2.3.1.4  Compositions of the fish fauna 
A three-way PERMANOVA demonstrated that the compositions of the fish 
faunas throughout the four regions of the Leschenault Estuary in 2008/09 and 2009/10 
differed significantly among years, seasons and regions and that all two- and three-way 
interactions were significant (Table 2.4). The pF values indicate that region was the 
most important factor, followed by season and then year. This is reflected in the nMDS 
ordination plots derived from the mean abundances of the various fish species, with the 
majority of the points representing samples collected in the lower and middle regions 
forming a group in the top right corner, which was largely discrete from those collected 
in the upper and apex sites that were also far more widely dispersed (Fig. 2.4a). 
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Table 2.4. Mean squares (MS), Pseudo-F (pF) values, and significance levels (P) for 
three-way PERMANOVA tests on the Bray-Curtis similarity matrix constructed from 
the fish abundances recorded using the 21.5 m net  in the four regions of the 
Leschenault Estuary, i.e. the lower, middle, upper and apex, in each season over two 
consecutive years between winter 2008 and autumn 2010. df = degrees of freedom. 
Significant results are highlighted in bold. 
 
Main Effects df MS pF  P 
Year 1 4818 4.172 0.001 
Season 3 9032 7.822 0.001 
Region 3 13402 11.607 0.001 
 
 
   
Interactions     
Year × Season 3 4112 3.561 0.001 
Year × Region 3 2470 2.140 0.002 
Season × Region 9 3065 2.654 0.001 
Year × Season × Region 9 1875 1.624 0.002 
Residuals 92 1155   
 
 
 
 
 
 
Figure 2.4. nMDS ordination plots, constructed from a Bray-Curtis similarity matrix 
derived from the mean abundances of the various fish species recorded seasonally in the 
apex, upper, middle and lower region of the Leschenault Estuary in 2008/09 and 
2009/10. Data coded for (a) region, (b) season and (c) year. 
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When the points were coded for season, four of the samples from winter and four from 
spring formed relatively discrete groups (Fig. 2.4b). No clear trend was evident when 
the points were coded for year (Fig. 2.4c).  
 As the season and region main effects were more influential than year, the 
following analyses were carried out to elucidate the basis for the interaction between 
season and region by pooling the data for the two years and undertaking a series of one-
way ANOSIM tests for the region main effect using separate resemblance matrices 
constructed from the fish abundances in each season. One-way ANOSIM tests identified 
significant differences among regions in each season (Table 2.5). As indicated by the 
Global R-statistics, the extent of these regional differences varied, being greatest in 
spring (R = 0.560) and lowest in winter (R = 0.122). In all seasons except winter, the 
regional difference in faunal composition was greatest in the pairwise comparisons 
between those in the apex and upper regions vs those in the lower and middle regions 
(R = 0.340-0.941). In each season, the ichthyofauna in the middle and lower regions 
were always characterised by F. lateralis, while those in the apex and upper regions 
were typified by A. elongata (Table 2.6). For the full list of species that typified and 
 
Table 2.5. Global R- and R-statistic values and significance levels (P) for one-way 
region ANOSIM tests on separate Bray-Curtis similarity matrices constructed from the 
fish abundances in each season. Significant pairwise comparisons are highlighted in 
grey.  
 
(a) Winter, Global R = 0.122, P = 0.033  (b) Spring, Global R = 0.560, P = 0.001 
 
Apex Upper Middle   Apex Upper Middle 
Upper 0.143    Upper 0.245   
Middle 0.230 0.139   Middle 0.941 0.609  
Lower 0.089 -0.070 0.282  Lower 0.778 0.504 0.278 
 
        
(c) Summer, Global R = 0.455, P = 0.001  (d) Autumn, Global R = 0.369, P = 0.001 
 Apex Upper Middle   Apex Upper Middle 
Upper -0.012    Upper 0.090   
Middle 0.633 0.446   Middle 0.420 0.340  
Lower 0.888 0.697 0.137 
 
Lower 0.648 0.674 0.199 
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distinguished the fish faunas in each region of the estuary during each season, as 
identified by SIMPER, see Table 2.6. 
 To visually explore the interaction between season and region, the matrix 
constructed from the mean abundances of each fish species in the Leschenault Estuary 
in each season in each region but pooled across years, was subjected to nMDS 
ordination (Fig. 2.5). On the ordination plot, each group of seasonal samples from the 
apex, upper and lower regions followed a consistent anti-clockwise cyclical pattern, 
whereas this pattern was less obvious in the case of samples from the middle region 
(Fig. 2.5a). Furthermore, the samples collected from each region largely progressed 
from left to right along the horizontal axis, in the order of apex, upper, middle and 
lower. The significant interaction term between region × season can be explained by the 
fact that most samples from summer and spring in each region were located above those 
for winter and autumn (Fig. 2.5a). Similarly, the year × season interaction was explored 
visually by ordinating the matrix derived from the mean abundances of each species in 
each season of each year (Fig. 2.5b). On the resultant plot, the samples from 2008/09 
changed in a clockwise cyclical manner, while those in 2009/10 exhibited the reverse 
 
 
Figure 2.5. nMDS ordination plots constructed from separate Bray-Curtis similarity 
matrices derived from the mean fish abundances recorded in (a) each season (pooled 
years) in the four regions of the Leschenault Estuary, i.e. the lower, middle, upper and 
apex, and in (b) each season, i.e. winter, W; spring, Sp; summer, S; and autumn, A, in 
2008/09 and 2009/10 (pooled regions). Arrows show examples of seasonal cycling.  
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trend. 
 
2.3.1.5 Comparison of fish assemblages caught using the 21.5 and 41.5 m nets in 
2008-10 
The number of fish species recorded using the 21.5 m seine net (36) during 
seasonal sampling of the sites in the lower and middle regions of the Leschenault 
Estuary was almost identical to that recorded during concomitant sampling of the same 
sites using the 41.5 m seine net (35; Table 2.7). However, the number and density of 
fish derived from samples caught by the smaller net (13,483 and 242 fish 100 m-2) were 
far greater than the corresponding values for the larger net (5,921 and 45 fish 100 m-2).  
 All but one of the 12 most abundant fish species caught in the 21.5 m seine net 
ranked amongst the 12 most abundant species caught using the 41.5 m net (Table 2.7). 
The exception to this generalisation (Atherinomorous vaigiensis), however, did rank 
only ninth and contribute only 2.2 % to the total catch taken by the smaller net. The 
contribution made by this species to the catches taken by the 41.5 m seine was 
negligible.  
 A further demonstration that the compositions of the catches taken by the two 
nets were similar is exemplified by the fact that five of the six most abundant species 
caught using the 21.5 m net likewise ranked among the six most numerous species 
obtained by the 41.5 m net and that their respective contributions to the overall catches 
were similar, i.e. 68.8 vs 64.3.  Furthermore, the points for the samples collected by 
each net in each season, on the ordination plot derived from the percentage contribution 
of each species to each sample, overlapped markedly (Fig. 2.6). Although a one-way 
ANOSIM test demonstrated that the compositions in the two nets differed significantly 
(P = 0.010), the R-statistic value for this comparison was very low (0.066) and thus the 
differences were negligible. 
45 
 
 
Table 2.7. Life-cycle guilds (LC), rankings by abundance (R), numbers of fish (N) and 
mean densities (D; numbers of fish 100 m-2), percentage contributions to the total catch 
(%) and mean total length () and length range (LR) of fish species caught using the 
21.5 and 41.5 m seine net between winter (July) 2008 and autumn (April) 2010 in 
nearshore, shallow waters of the lower and middle regions of the Leschenault Estuary.  
 
 
           21.5 m 41.5 m 
Species name R N D %  LR R N D %  LR 
Atherinosoma elongata ER 1 2575 46.2 19.1 48 20-97 6 285 2.2 4.8 54 29-75 
Hyperlophus vittatus MO 2 2167 38.9 16.0 31 20-45 2 100 7.6 16.9 32 13-56 
Aldrichetta forsteri MO 3 1714 30.8 12.7 73 23-280 4 800 6.1 13.5 107 34-217 
Leptatherina presbyteroides E&M 4 1709 30.7 12.7 38 19-63 1 115 8.7 19.4 40 19-61 
Craterocephalus mugiloides ER 5 1413 25.4 10.5 41 20-103 12 65 0.5 1.1 44 23-69 
Favonigobius lateralis E&M 6 1099 19.7 8.1 36 15-104 5 574 4.4 9.7 43 15-83 
Ostorhinchus rueppellii E&M 7 981 17.6 7.3 31 11-81 3 902 6.9 15.2 36 13-85 
Sillaginodes punctatus MO 8 303 5.4 2.2 79 22-160 9 151 1.2 2.6 99 28-225 
Atherinomorus vaigiensis MO 9 302 5.4 2.2 62 12-131 28 2 <0.1 <0.1 53 46-58 
Torquigener pleurogramma MO 10 265 4.8 2.0 137 97-181 7 256 2 4.3 138 98-191 
Leptatherina wallacei ER 11 257 4.6 1.9 46 28-71 10 107 0.8 1.8 52 33-63 
Gymnapistes marmoratus MO 12 238 4.3 1.8 28 12-64 8 181 1.4 3.1 36 13-74 
Arripis truttaceus MO 13 91 1.6 0.7 44 37-48       
Haletta semifasciata MO 14 85 1.5 0.6 69 39-123 22 16 0.1 0.3 81 55-120 
Pseudogobius olorum ER 15 71 1.3 0.5 31 19-52 16 36 0.3 0.6 38 25-59 
Mugil cephalus MO 16 54 1.0 0.4 63 22-133 15 40 0.3 0.7 119 11-215 
Ammotretis elongatus MS 17 45 0.8 0.3 47 9-108 14 45 0.3 0.8 53 17-120 
Stigmatopora argus MS 18 24 0.4 0.2 106 47-138       
Sillago schomburgkii MO 19 16 0.3 0.1 109 23-250 19 23 0.2 0.4 203 81-254 
Scobinichthys granulatus MS 20 15 0.3 0.1 27 16-61 24 8 <0.1 0.1 27 16-63 
Sillago burrus MO 20 15 0.3 0.1 114 65-144 21 18 0.1 0.3 126 50-175 
Rhabdosargus sarba MO 22 9 0.2 0.1 71 24-145 18 28 0.2 0.5 91 34-160 
Urocampus carinirostris E&M 23 6 0.1 <0.1 57 49-63 32 1 <0.1 <0.1 63  
Pelates octolineatus MO 24 5 <0.1 <0.1 80 18-104 11 86 0.7 1.5 82 22-156 
Pseudorhombus jenynsii MO 25 4 <0.1 <0.1 146 58-198 22 16 0.1 0.3 150 70-270 
Afurcagobius suppositus ER 26 3 <0.1 <0.1 68 66-70       
Contusus brevicaudus MO 26 3 <0.1 <0.1 41 31-69 26 4 <0.1 0.1 52 34-66 
Siphamia cephalotes E&M 26 3 <0.1 <0.1 39 35-43 20 19 0.1 0.3 43 39-47 
Gerres subfasciatus MO 29 2 <0.1 <0.1 63 33-100 13 60 0.5 1.0 80 24-109 
Meuschenia freycineti MO 29 2 <0.1 <0.1 179 162-195       
Pomatomus saltatrix MO 29 2 <0.1 <0.1 63 50-92       
Arenigobius bifrenatus E&M 32 1 <0.1 <0.1 48  17 29 0.2 0.5 77 40-130 
Callogobius depressus E&M 32 1 <0.1 <0.1 16  28 2 <0.1 <0.1 39 26-52 
Ophisurus serpens MO 32 1 <0.1 <0.1 700        
Platycephalus laevigatus MS 32 1 <0.1 <0.1 320  32 1 <0.1 <0.1 122  
Spratelloides robustus MO 32 1 <0.1 <0.1 33        
Acanthopagrus butcheri ER 
 
   
  
28 2 <0.1 <0.1 171 167-175 
Amniataba caudavittata ER 
 
   
  
32 1 <0.1 <0.1 117  
Cnidoglanis macrocephalus E&M 
 
   
  
25 6 <0.1 0.1 114 114-160 
Hyporhamphus melanochir E&M 
 
   
  
27 3 <0.1 0.1 272 253-282 
Monacanthus chinensis MS 
 
   
  
32 1 <0.1 <0.1 75  
Platycephalus speculator MS 
 
   
  
28 2 <0.1 <0.1 83 65-100 
Number of  samples  48   
  
48   
  
Number of species  36   
  
35   
  
Number of fish  13,483   
  
5,921   
  
Mean number of fish 100 m-2 242   
  
45   
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Figure 2.6. nMDS ordination plot constructed from a Bray-Curtis similarity matrix 
derived from the percentage contribution of each fish species to each sample obtained 
using the 21.5 and 41.5 m seine net in the lower and middle regions of the Leschenault 
Estuary in each season in 2008/09 and 2009/10.  
 
2.3.2. Comparisons between the fish faunas of the Leschenault Estuary in 1994 and 
2008-10. 
2.3.2.1. Environmental conditions 
Rainfall in the catchment of the Leschenault Estuary is highly seasonal, typically 
peaking in winter (Fig. 2.7). Consequently, freshwater discharge is also highly seasonal 
and peaks just after that of rainfall. Freshwater discharge was far more variable in the 
2000s than in the 1990s, with the difference being particularly pronounced with 2009 vs 
2010 (Fig. 2.7). 
 Three-way PERMANOVA demonstrated that, in the lower and middle regions 
of the estuary, for which interdecadal comparisons could be made, salinity significantly 
differed among years, seasons and regions and the two-way interactions between 
year × region and between year × season (Table 2.8). As indicated by the pF values, 
season was the most influential term, followed by year and both of those were far 
stronger than the interactions (Table 2.8). The strong seasonal effect reflects the 
presence, in all years, of higher salinities during summer and autumn than in winter and 
spring and the strong year effects reflects the pronounced differences in discharge 
between years (Fig. 2.8b).    
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Figure 2.7. Monthly rainfall and freshwater discharge (black line) in the Leschenault 
Estuary in each season for the years between 1993 and 1995 and between 2008 and 
2010. Enclosed rectangles on x-axis refer to summer and winter and the open rectangles 
to autumn and spring.  
 
 
 
Table 2.8. Mean squares (MS), Pseudo-F (pF) and significance levels (P) for 3-way 
PERMANOVA tests on the Bray-Curtis similarity matrices constructed for (a) salinity 
and (b) water temperature in the lower and middle regions of the Leschenault Estuary in 
each season between summer and spring in 1994 and the two consecutive years between 
winter 2008 and autumn 2010. df  =  degrees  of  freedom. Significant results are 
highlighted in bold. 
 
  
(a) Salinity  (b) Water temperature 
Main Effects df MS pF P  MS pF P 
Year 2 4.756 22.1 0.001  0.119 40.4 0.001 
Season 3 5.395 25.1 0.001  0.929 315.2 0.001 
Region 1 2.039 9.5 0.004  0.002 0.7 0.405 
Interactions         
Year × Season 6 0.757 3.5 0.004  0.047 16.1 0.001 
Year × Region 2 1.302 6.0 0.004  0.001 0.4 0.637 
Season × Region 3 0.148 0.7 0.560  0.015 5.1 0.003 
Year × Season × Region 6 0.242 1.1 0.371  0.010 3.4 0.005 
Residuals 48 0.215    0.003   
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 Water temperature differed significantly among years and seasons and was 
significant for all interaction terms involving season (Table 2.8b). The strong 
relationship with season is illustrated by the fact that water temperatures in each region 
underwent pronounced seasonal changes, rising from their minima in winter to reach 
their maxima in summer and then declining in autumn of 2008/09 and 2009/10 but not 
in 1994, accounting for the year × season interaction (Fig. 2.8c, d). To a large extent, 
the interactions involving season relate to water temperatures being significantly lower 
in the middle region in 2008/09 than in both 2009/10 and 1994 (Fig. 2.8d). 
 
 
 
 
 
Figure 2.8. Mean salinity (a) in each season and (b) in the lower and middle regions of 
nearshore waters of the Leschenault Estuary in 1994, 2008/09 and 2009/10, and mean 
water temperature recorded in each season in the (a) lower and (b) middle regions of the 
estuary in each of the three years. The ± 95 % confidence intervals are shown for each 
mean. 
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2.3.2.2. Mean densities of fish species and life-cycle guilds 
 A total of 13,483 fishes was recorded during seasonal sampling of the lower and 
middle regions of the Leschenault Estuary using the 21.5 m seine net between winter 
2008 and autumn 2010 (Table 2.9). This total is similar to the 14,601 fish recorded 
across the same number of samples, and using the same net, between summer and 
spring in 1994. (Table 2.9). In contrast, the 5,921 fishes that were caught in the 48 
samples collected using the 41.5 m seine net in 2008-10 was far greater than the 1,228 
recorded for the 24 samples obtained in 1994 and thus, even when the latter number is 
doubled to correspond to the same numbers of samples (Table 2.10). Hence, the 
numbers of fish 100 m-2 caught using the latter net in 2008-10 (i.e. 45) was well over 
twice that recorded in 1994 (i.e. 19). In 1994, the fish faunas sampled using the 21.5 m 
net were dominated largely by F. lateralis (36.5 %) and H. vittatus (32.4 %), which 
collectively contributed c. 70 % to the total catch (Table 2.9). The third most abundant 
species caught using this net was L. presbyteroides, which contributed 15.8 % to the 
total catch in this period. Samples collected using the 41.5 m seine net were dominated 
by T. pleurogramma (29.2%) and F. lateralis (20.7 %; Table 2.10).  
Eight of the 11 most abundant species caught using the 21.5 m net in 2008-10 
also ranked among the 11 most abundant species in 1994 (Tables 2.9). While 
F. lateralis ranked first and contributed 36.5 % to the catches in the earlier period, it 
ranked only sixth and contributed 8.1 % to the overall catch in 2008-10. The difference 
between the years, however, resided mainly in the fact that two tropical atherinids, 
C. mugiloides and A. vaigiensis ranked as high as five and nine, respectively, in 
2008-10, but were not caught by the 21.5 m net in 1994. 
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Table 2.9. Life-cycle guilds (LC), rankings by abundance (R), mean densities 
(D; number of fish 100 m-2) and percentage contributions to the total catch (%) of fish 
species caught using the 21.5 m seine net in nearshore waters of the lower and middle 
regions of the Leschenault Estuary in each season in 1994 and over two consecutive 
‘years’ between winter 2008 and autumn 2010. Numbers of fish and overall mean 
densities (number of fish 100 m-2) in each period are also given.  
   1994 2008-10 
Common name Species name LC R D % R D % 
Elongate Hardyhead Atherinosoma elongata ER 4 10.8 4.1 1 46.2 19.1 
Sandy Sprat Hyperlophus vittatus MO 2 85.1 32.4 2 38.9 16.0 
Yelloweye Mullet Aldrichetta forsteri MO 5 4.4 1.7 3 30.8 12.7 
Silver Fish Leptatherina presbyteroides E&M 3 41.4 15.8 4 30.7 12.7 
Spotted Hardyhead Craterocephalus mugiloides ER 
   5 25.4 10.5 
Southern Longfin Goby Favonigobius lateralis E&M 1 95.8 36.5 6 19.7 8.1 
Western Gobbleguts Ostorhinchus rueppelli E&M 9 2.8 1.1 7 17.6 7.3 
King George Whiting Sillaginodes punctatus MO 7 4.0 1.5 8 5.4 2.2 
Common Hardyhead Atherinomorus vaigiensis MO    9 5.4 2.2 
Weeping Toadfish Torquigener pleurogramma MO 12 1.4 0.5 10 4.8 2.0 
Western Hardyhead Leptatherina wallacei ER 8 2.9 1.1 11 4.6 1.9 
Soldier Gymnapistes marmoratus MO 14 0.8 0.3 12 4.3 1.8 
Western Australian Salmon Arripis truttaceus MO    13 1.6 0.7 
Blue Weed-whiting Haletta semifasciata MO 19 0.2 0.1 14 1.5 0.6 
Bluespot Goby Pseudogobius olorum ER 10 2.6 1.0 15 1.3 0.5 
Sea Mullet Mugil cephalus MO 11 2.2 0.9 16 1.0 0.4 
Elongate Flounder Ammotretis elongatus MS 27 <0.1 <0.1 17 0.8 0.3 
Spotted Pipefish Stigmatopora argus MS 13 0.8 0.3 18 0.4 0.2 
Yellowfin Whiting Sillago schomburgkii MO 23 <0.1 <0.1 19 0.3 0.1 
Western Trumpeter Whiting Sillago burrus MO 16 0.4 0.2 20 0.3 0.1 
Rough Leatherjacket Scobinichthys granulatus MS 26 <0.1 <0.1 20 0.3 0.1 
Tarwhine Rhabdosargus sarba MO 21 0.1 <0.1 22 0.2 0.1 
Hairy Pipefish Urocampus carinirostris E&M 17 0.4 0.1 23 0.1 <0.1 
Western Striped Grunter Pelates octolineatus MO 22 0.1 <0.1 24 <0.1 <0.1 
Smalltooth Flounder Pseudorhombus jenynsii MO 23 <0.1 <0.1 25 <0.1 <0.1 
Southwestern Goby Afurcagobius suppositus ER 6 4.1 1.6 26 <0.1 <0.1 
Prickly Toadfish Contusus brevicaudus MO 14 0.8 0.3 26 <0.1 <0.1 
Wood's Siphonfish Siphamia cephalotes E&M 18 0.3 0.1 26 <0.1 <0.1 
Tailor Pomatomus saltatrix MO 30 <0.1 <0.1 29 <0.1 <0.1 
Common Silverbiddy Gerres subfasciatus MO    29 <0.1 <0.1 
Sixspine Leatherjacket Meuschenia freycineti MO    29 <0.1 <0.1 
Blue Sprat Spratelloides robustus MO 23 <0.1 <0.1 32 <0.1 <0.1 
Bridled Goby Arenigobius bifrenatus E&M 30 <0.1 <0.1 32 <0.1 <0.1 
Rock Flathead Platycephalus laevigatus MS    32 <0.1 <0.1 
Flathead Goby Callogobius depressus E&M    32 <0.1 <0.1 
Serpent Eel Ophisurus serpens MO    32 <0.1 <0.1 
Old Wife Enoplosus armatus MS 20 0.2 0.1    
Southern School Whiting Sillago bassensis MS 27 <0.1 <0.1    
Sculptured Goby Callogobius mucosus MO 27 <0.1 <0.1    
Brownspotted wrasse Notolabrus parilus MS 30 <0.1 <0.1    
Southern Crested Weedfish Cristiceps australis MS 30 <0.1 <0.1    
Number of samples  48   48  
Number of species  33   36  
Number of fish  14,601   13,483  
Mean number of fish 100 m-2  262   242  
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Table 2.10. Life-cycle guilds (LC), rankings by abundance (R), mean densities 
(D; number of fish 100 m-2) and percentage contributions to the total catch (%) of fish 
species caught using the 41.5 m seine net in nearshore waters of the lower and middle 
regions of the Leschenault Estuary in each season in 1994 and over two consecutive 
years between winter 2008 and autumn 2010. Numbers of fish and overall mean 
densities (number of fish 100 m-2) for each period are also given.  
   1994  2008-10 
Common name Species name LC R D % R D % 
Silver Fish Leptatherina presbyteroides E&M 11 0.5 2.5 1 8.7 19.4 
Sandy Sprat Hyperlophus vittatus MO 11 0.5 2.5 2 7.6 16.9 
Western Gobbleguts Ostorhinchus rueppellii E&M 3 1.1 6.1 3 6.9 15.2 
Yelloweye Mullet Aldrichetta forsteri MO 6 0.9 4.7 4 6.1 13.5 
Southern Longfin Goby Favonigobius lateralis E&M 2 3.9 20.7 5 4.4 9.7 
Elongate Hardyhead Atherinosoma elongata ER 5 0.9 5.0 6 2.2 4.8 
Weeping Toadfish Torquigener pleurogramma MO 1 5.4 29.2 7 2.0 4.3 
Soldier Gymnapistes marmoratus MO 13 0.4 2.4 8 1.4 3.1 
King George Whiting Sillaginodes punctatus MO 7 0.9 4.6 9 1.2 2.6 
Western Hardyhead Leptatherina wallacei ER    10 0.8 1.8 
Western Striped Grunter Pelates octolineatus MO 9 0.5 2.9 11 0.7 1.5 
Spotted Hardyhead Craterocephalus mugiloides ER    12 0.5 1.1 
Common Silverbiddy Gerres subfasciatus MO 19 0.1 0.6 13 0.5 1.0 
Elongate Flounder Ammotretis elongatus MS 23 <0.1 <0.1 14 0.3 0.8 
Sea Mullet Mugil cephalus MO    15 0.3 0.7 
Bluespot Goby Pseudogobius olorum ER 15 0.2 1.3 16 0.3 0.6 
Bridled Goby Arenigobius bifrenatus E&M 16 0.2 0.8 17 0.2 0.5 
Tarwhine Rhabdosargus sarba MO 21 <0.1 0.4 18 0.2 0.5 
Yellowfin Whiting Sillago schomburgkii MO 23 <0.1 <0.1 19 0.2 0.4 
Wood's Siphonfish Siphamia cephalotes E&M 23 <0.1 <0.1 20 0.1 0.3 
Western Trumpeter Whiting Sillago burrus MO 23 <0.1 <0.1 21 0.1 0.3 
Blue Weed Whiting Haletta semifasciata MO 18 0.1 0.7 22 0.1 0.3 
Smalltooth Flounder Pseudorhombus jenynsii MO 23 <0.1 <0.1 22 0.1 0.3 
Rough Leatherjacket Scobinichthys granulatus MS 23 <0.1 <0.1 24 <0.1 0.1 
Estuary Cobbler Cnidoglanis macrocephalus E&M    25 <0.1 0.1 
Prickly Toadfish Contusus brevicaudus MO 8 0.5 2.9 26 <0.1 <0.1 
Southern Garfish Hyporhamphus melanochir E&M 22 <0.1 0.2 27 <0.1 <0.1 
Black Bream Acanthopagrus butcheri ER 20 <0.1 0.5 28 <0.1 <0.1 
Common Hardyhead Atherinomorus vaigiensis MO    28 <0.1 <0.1 
Flathead Goby Callogobius depressus E&M    28 <0.1 <0.1 
Southern Bluespotted 
Flathead 
Platycephalus speculator MS    28 <0.1 <0.1 
Yellowtail Grunter Amniataba caudavittata ER    32 <0.1 <0.1 
Fanbelly Leatherjacket Monacanthus chinensis MS    32 <0.1 <0.1 
Rock Flathead Platycephalus laevigatus MS    32 <0.1 <0.1 
Hairy Pipefish Urocampus carinirostris E&M    32 <0.1 <0.1 
Australian Herring Arripis georgianus MO 4 1.1 5.8    
Eastern Australian Salmon Arripis trutta MO 10 0.5 2.6    
Southern Pygmy 
Leatherjacket 
Brachaluteres jacksonianus MS 14 0.4 2.1    
Old Wife Enoplosus armatus MS 17 0.1 0.7    
Stripey Microcanthus strigatus MS 23 <0.1 <0.1    
Tailor Pomatomus saltatrix MO 23 <0.1 <0.1    
Spotted Pipefish Stigmatopora argus MS 23 <0.1 <0.1    
Number of samples   24   48  
Number of species   30   35  
Number of fish   1,228   5,921  
Mean number of fish 100 m-2   19   45  
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Like the smaller seine, the 41.5 m net recorded a similar suite of species in 1994 
and 2008-10, with nine of the 11 most abundant being the same in each period 
(Table 2.10). In contrast to the smaller net, however, the mean densities of F. lateralis 
were relatively similar in 1994 and 2008-10, i.e. 3.86 and 4.36 (Table 2.10). The 
atherinids C. mugiloides and A. vaigiensis were also caught by the 41.5 m net in 
2008-10 but not in 1994. Furthermore, the commercial and recreationally important 
species, Aldrichetta forsteri was recorded in substantially greater densities using each of 
the nets in the more recent than earlier study (Tables 2.9 and 2.10). 
 The percentage contributions made by each of the life-cycle guilds to the 
number of species caught using the 21.5 m net were, in almost every case, similar in 
1994 and 2008-10, i.e. estuarine residents, 12 vs 14 %; estuarine &  marine, 18 vs 19 %; 
marine estuarine-opportunist, 48 vs 56 %; and marine stragglers, 21 vs 11 %, 
respectively (Table 2.9). Furthermore, each of these life cycle guilds made a similar 
contribution to the total number of individuals in each period, with the exception of 
estuarine residents which made a greater contribution in 2008-10 (32 %) than in 1994 
(8 %), due to higher catches of Atherinosoma elongata and C. mugiloides in 2008-10. 
 The contributions made by the life cycle guilds to the total number of species 
caught using the 41.5 m net were also similar in each period, apart from estuarine 
residents which were relatively more speciose in 2008-10 (17 %) than in 1994 (3 %; 
Table 2.10). While estuarine residents and marine stragglers made similarly low 
contributions in 1994 and 2008-10 (i.e. 6 vs 8 % and 3 vs 1 %, respectively), marine 
estuarine-opportunists were more abundant in the earlier (60 %) than latter period 
(46 %), reflecting higher densities of H. vittatus and T. pleurogramma in 1994. 
Estuarine & marine species made a higher contribution to the total catch in 2008-10 
(45 %) than in 1994 (31 %), due to higher densities of L. presbyteroides and 
Ostorhinchus rueppellii in 2008-10 (Table 2.10).   
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2.3.2.3. Number of species, density and the Shannon-Wiener index 
 Three-way PERMANOVA demonstrated that the mean number of species 
caught using the 21.5 m net differed significantly among periods, seasons and regions 
and that there was a significant period × season interaction (Table 2.11a). This 
interaction was due to the number of species being similar among periods in all seasons 
apart from summer, when a significantly greater number were recorded in 2008-10 than 
in 1994 (Fig. 2.9a). Period was the most important factor in the case of the 41.5 m net, 
with numbers of species being greater in 2008-10 than in 1994, i.e. 8.8 vs 4.4, 
respectively (Fig. 2.9d). For each of the nets, and regardless of period, a greater number 
of species was caught in the middle than lower region of the estuary (Fig. 2.9c).  
Mean densities of fish recorded using the 21.5 m seine net differed significantly 
among regions and seasons and between the two-way period × season interaction 
(Table 2.11b). This interaction is explained by the fact that, in 1994, the mean densities 
were significantly higher in spring than in all other seasons, while no significant change 
in density was detected in 2008-10 (Fig. 2.9e, g). In the case of the 41.5 m net, all three 
main effects were significant, with season exerting the greatest influence, followed by 
period then region (Table 2.11b). Mean densities were significantly higher in spring 
than in winter and autumn (Fig. 2.9f) and were around two times greater in 2008-10 
than in 1994 (Fig. 2.9h). For both nets, and regardless of period, higher mean densities 
were recorded in the middle region than in the lower basin (Fig. 2.9g).  
  The values for the Shannon-Wiener index recorded using the 21.5 m net, 
differed significantly among years, seasons and regions and between the 
period × season and period × region interactions (Table 2.11c). The latter interaction is 
due to the lower region exhibiting significantly lower diversity in 1994 compared with 
2008-10 (Fig. 2.8c). 
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Table 2.11. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for 
three-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed for 
(a) number of species, (b) mean densities (fish 100 m-2) and (c) mean Shannon-Wiener 
index derived from data obtained using a 21.5 m and 41.5 m seine net in the lower and 
middle regions of the Leschenault Estuary in each season between summer and spring 
in 1994 and between winter and autumn in 2008-10 (years pooled). df = degrees of 
freedom. Significant results are in bold.  
 
  
(a) Number of species 
  21.5 m seine net  41.5 m seine net 
Main Effects df MS pF P  MS pF P 
Period 1 2.781 17.1 0.003  6.755 60.3 0.001 
Season 3 1.621 10.0 0.002  1.770 15.8 0.001 
Region 1 2.823 17.4 0.003  0.618 5.5 0.024 
Interactions         
Period × Season 3 0.707 4.4 0.010  0.279 2.5 0.078 
Period × Region 1 0.040 0.2 0.618  0.055 0.5 0.487 
Season × Region 3 0.345 2.1 0.114  0.112 1.0 0.402 
Period × Season × Region 3 0.143 0.9 0.460  0.041 0.4 0.780 
Residuals 4
0 
0.162    0.112   
 
  
(b) Density 
  21.5 m seine net  41.5 m seine net 
Main Effects df MS pF P  MS pF P 
Period 1 0.399 0.4 0.513  5.796 5.9 0.020 
Season 3 4.774 5.0 0.004  9.001 9.2 0.004 
Region 1 7.634 8.1 0.006  5.147 5.2 0.027 
Interactions         
Period × Season 3 4.922 5.2 0.004  0.421 0.4 0.730 
Period × Region 1 0.336 0.4 0.560  1.747 1.8 0.190 
Season × Region 3 0.601 0.6 0.598  0.121 1.3 0.294 
Period × Season × Region 3 1.426 1.5 0.233  0.205 0.2 0.889 
Residuals 4
0 
0.947    0.985   
            
  
(c) Shannon-Wiener index 
  21.5 m seine net  41.5 m seine net 
Main Effects df MS pF P  MS pF P 
Period 1 1841 21.0 0.002  4359 16.3 0.001 
Season 3 501 5.7 0.017  1963 7.3 0.001 
Region 1 521 5.9 0.016  305 1.3 0.311 
Interactions         
Period × Season 3 301 3.4 0.022  1479 5.5 0.005 
Period × Region 1 466 5.3 0.023  134 0.5 0.592 
Season × Region 3 42 0.5 0.723  201 0.8 0.581 
Period × Season × Region 3 135 1.5 0.209  361 1.3 0.250 
Residuals 4
0 
88    268   
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Figure 2.9. (a) Number of species and (e) mean densities (fish 100 m-2) recorded in 
each season in 1994 and 2008-10 using the 21.5 m seine net, in (b, f) each season across 
pooled periods using the 41.5 m net, in the (c, g) the lower and middle of the 
Leschenault Estuary using each of the nets and (d, h) period using the 41.5 m net, 
respectively. Error bars represent ± 95% confidence intervals for each plot. 
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The Shannon-Weiner index values recorded using the 41.5 m net, differed 
significantly between periods and seasons and the period × season interaction 
(Table 2.11c). For both nets, the period × season interactions are explained by a higher 
diversity in winter of 2008-09 than in winter of 1994 (Fig. 2.10a, b). 
 
 
 
Figure 2.10. Mean values for the Shannon-Wiener index recorded in each season in 
1994 (red triangles) and 2008-10 (blue circles) using the (a) 21.5 m and (b) 41.5 m seine 
nets and in the (c) lower and middle region of the Leschenault Estuary in 1994 and 
2008-10 using the 21.5 m net. Error bars represent ± 95 % confidence intervals for each 
plot. 
 
 
2.3.2.4. Compositions of the fish faunas  
 Pairwise comparisons in each of the two-way crossed ANOSIM tests for 
year × season and year × region showed that the fish compositions caught using the 
21.5 m seine net in 2008/09 and 2009/10 did not differ significantly across either 
seasons (P = 0.306, R = 0.022) or regions (P = 0.120, R = 0.038; see Chapter 2.2.4.2). 
Similarly, pairwise comparisons from the two-way crossed year × region ANOSIM test 
showed that the fish faunas sampled using the 41.5m net did not differ significantly 
between the two most recent years (R = 0.068, P = 0.144). Since these results showed 
that the fish compositions caught using each of the nets in 2008/09 and 2009/10 were 
not significantly different, the abundances of the various species in each region and 
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season in those two years were pooled for subsequent comparisons with the 
compositions in 1994.  
 Three-way PERMANOVA tests involving the data for the 21.5 m and 41.5 m 
nets demonstrated that the fish compositions in the lower and middle regions of the 
Leschenault Estuary differed significantly among periods, seasons and regions for both 
nets and, in each case, the pF values for period were approximately double those 
recorded for season and region (Table 2.12a, b). This is reflected in each of the 
corresponding nMDS ordinations. When the points were coded for period, the points for 
samples collected in 1994 formed a discrete group on the plots for both nets and were 
clearly distinct from those in 2008-10 (Fig. 2.11a, b). When the points were coded for 
season, and irrespective of period, almost all samples collected in spring and summer 
using each of the nets formed a broad group in the top half of the plot, while those for 
autumn and winter tended to reside in the bottom part of the ordination (Fig. 2.11c, d). 
When the points were coded for region, no discrete groups were apparent in either plot 
(Fig. 2.11e, f).  
 In addition to these significant main effects, three-way PERMANOVA showed 
that in the case of the fish faunas caught using the 21.5 m net in the lower regions of the 
Leschenault Estuary in each season in 1994 and 2008-10, there were interactions 
between season × period and season × region (Table 2.12a). A two-way crossed period 
× season ANOSIM test yielded Global R-statistic values of 0.441 for period and 0.341 
for season (Table 2.13). The fish compositions differed significantly across all seasons, 
with the greatest difference occurring between spring and autumn (R = 0.576; 
Table 2.13). A two-way crossed period × season SIMPER demonstrated that 
C. mugiloides, T. pleurogramma, Atherinosoma elongata and Atherinomorus vaigiensis 
were relatively more abundant in 2008-10, while F. lateralis and Contusus brevicaudus 
were caught in consistently greater numbers in 1994. A two-way crossed 
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Table 2.12. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for 
the three-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed 
from the fish abundances recorded in the lower and middle regions of the Leschenault 
Estuary using the (a) 21.5 m and (b) 41.5 m seine nets in each season in 1994 and 
2008-10.  df =  degrees  of  freedom.  Significant results are highlighted in bold. 
  
(a) 21.5 m seine net  (b) 41.5 m seine net 
Main effects df MS pF P  MS pF P 
Period 1 13686 6.9 0.001  9958 4.4 0.001 
Season 3 7268 3.7 0.001  6227 2.8 0.001 
Region 1 7005 3.6 0.001  4544 2.0 0.017 
Interactions         
Period × Season 3 4636 2.4 0.001  2674 1.2 0.207 
Period × Region 1 2196 1.1  0.337  5621 2.5 0.025 
Season × Region 3 3416 1.7 0.044  2550 1.1 0.279 
Period × Season × Region 3 2239 1.1 0.254  2377 1.0 0.409 
Residuals 40 1971    2275   
 
    
 
Figure 2.11. nMDS ordination plot, constructed from the Bray-Curtis similarity 
matrices derived from the mean abundances of the various fish species recorded using 
the 21.5 m (a, c, d) and 41.5 m (b, d, e) seine net in the lower and middle regions of the 
Leschenault Estuary in each season in 1994 and 2008-10. Data coded for (a, b) period, 
(c, d) season and (e, f) region.   
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season × region ANOSIM test indicated that faunal compositions were related more to 
season than region (i.e. Global R = 0.276 vs 0.186) and that the seasonal trends were 
similar to those observed in the period × season interaction (Table 2.13). 
 
Table 2.13. Global R-statistic values and significance levels (P) and associated R-
statistic values for two-way crossed (a) period × season, (b) season × region ANOSIM 
tests on the Bray-Curtis similarity matrices constructed from the fish assemblage data 
recorded using the 21.5 m seine net in the lower and middle regions of the Leschenault 
Estuary in each season in 1994 and 2008-10. Significant results are given in bold.  
 
Period × Season 
 
 Season × Region 
 
R P   R P 
Period 0.441 0.001  Region 0.186 0.002 
Season 0.341 0.001  Season 0.276 0.001 
Winter vs Spring 0.380 0.010  Winter vs Spring 0.400 0.010 
Winter vs Summer 0.345 0.010 
 
Winter vs Summer 0.359 0.040 
Winter vs Autumn 0.225 0.400 
 
Winter vs Autumn 0.140 5.800 
Spring vs Summer 0.219 0.200 
 
Spring vs Summer 0.207 0.700 
Spring vs Autumn 0.576 0.010 
 
Spring vs Autumn 0.411 0.010 
Summer vs Autumn 0.281 0.050 
 
Summer vs Autumn 0.198 0.900 
 
 
 
 
 Given that period and season were relatively more influential than region, 
one-way ANOSIM tests on the seasonal fish assemblages recorded using the 21.5 m net 
were carried out separately for each period, with data pooled across regions. Global 
R-statistics and pairwise comparisons revealed that the compositions underwent greater 
seasonal changes in 1994 than in 2008-10 (Global R = 0.532 vs 0.316, respectively; 
Table 2.14). The composition of the fish faunas in 1994 differed most between winter 
and summer, while seasonal differences in 2008-10 were small in all cases, apart from 
in autumn vs spring (Table 2.14). 
 One-way SIMPER demonstrated that the fish assemblages collected using the 
smaller net in each season in 1994 were in each case, characterised by F. lateralis 
(Table 2.15a). The compositions in winter contained relatively higher abundances of
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 Table 2.14. Global R-statistic values and significance levels (P) and their associated 
R-statistic values derived from one-way ANOSIM tests on the resemblance matrices 
constructed from the fish assemblage data recorded using the 21.5 m seine net in the 
lower and middle regions of the Leschenault Estuary in each season in (a) 1994 and (b) 
2008-10. Significant pairwise comparisons are highlighted in grey.  
 
(a) 1994; Global R = 0.532 P = 0.001 
 
(b) 2008-10; Global R = 0.316, P = 0.001 
 
Winter Spring Summer  
 
Winter Spring Summer 
Spring 0.685 
  
 Spring 0.360 
  
Summer 0.759 0.648   Summer 0.239 0.153  
Autumn 0.074 0.444 0.537  Autumn 0.213 0.637 0.286 
  
F. lateralis and C. brevicaudus than in summer when S. punctatus was consistently 
more abundant. Favonigobius lateralis, H. vittatus, Stigmatophora argus and 
L. presbyteroides were all relatively more abundant in spring than in winter, while the 
latter four species, along with M. cephalus, were caught in higher numbers during 
spring compared to summer (Table 2.15a). SIMPER demonstrated that, although 
F. lateralis was consistently caught and helped typify the fish faunas in each season in 
2008-10, it did not distinguish between the faunas in any pair of seasons (Table 2.15b). 
The only species to exhibit a consistent trend to distinguish between seasons in 2008-10 
were Craterocephalus mugiloides and Atherinomorus vaigiensis, which were always 
recorded in greater abundance in autumn than in any other season (Table 2.15b). 
 In the case of the 41.5 m net, three-way PERMANOVA showed that, in addition 
to the main effects, the interaction between period × region was also significant 
(Table 2.12b). A two-way crossed period × region ANOSIM test confirmed period 
(Global R = 0.312; P = 0.001) to be relatively more influential than region 
(Global R = 0.126; P = 0.002). The distinguishing species in each period were similar to 
those identified for the 21.5 m seine net, i.e. C. mugiloides, Ostorhinchus rueppellii, 
Atherinosoma elongata, Gymnapistes marmoratus and Sillaginodes punctatus were 
caught in consistently greater numbers in 2008-10, while T. pleurogramma was more
abundant in 1994.  
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Table 2.15. Species that consistently typified (shaded) and distinguished (un-shaded) 
the fish faunas caught in the lower and middle regions of the Leschenault Estuary in 
each season in (a) 1994 and (b) 2008-10 using the 21.5 m seine net as detected by 
one-way SIMPER. The season in which each species was most abundant is given in 
superscript for each pairwise comparison. Asterisks denote the relative consistency of 
each species in either typifying or distinguishing the faunal compositions in each 
season, as measured by the similarity to standard deviation ratio and dissimilarity to 
standard deviation ratio, respectively; 1.0-1.5*, 1.5-2.0**, 2.0-2.5***, >2.5**** . Diagonal 
lines denote insignificant pairwise comparisons.  
 
 
(a) 1994 Winter Spring Summer Autumn 
Winter F. lateralis
****
 
C. brevicaudus****    
Spring 
H. vittatusSp* 
C. brevicaudusW* 
S. argusSp* 
L. presbyteroidesSp* 
F. lateralisSp 
F. lateralis**** 
L. presbyteroides* 
S. punctatus* 
H. vittatus 
  
 Summer 
F. lateralisW** 
C. brevicaudusW** 
S. punctatusS** 
F. lateralisSp* 
H. vittatusSp* 
L. presbyteroidesSp* 
S. argusSp* 
M. cephalusSp* 
F. lateralis**** 
S. punctatus  
 Autumn    
S. burrusA* 
S. punctatusS* 
L. presbyteroidesA* 
T. pleurogrammaA* 
F. lateralis**** 
 
    
(b)  2008-10 Winter Spring Summer Autumn 
Winter F. lateralis
***
 
T. pleurogramma*    
Spring 
H. vittatusSp** 
S. argusSp* 
G. marmoratusSp* 
C. mugiloidesW* 
S. granulatusSp 
H. vittatus*** 
F. lateralis**** 
T. pleurogramma** 
G. marmoratus* 
  
Summer 
H. vittatusS** 
S. punctatusS* 
A. elongataS** 
A. forsteriS 
 
H. vittatus*** 
F. lateralis**** 
A. elongata*** 
 
Autumn 
C. mugiloidesA* 
A. vaigiensisA* 
F. lateralisW* 
S. punctatusA 
H. vittatusSp** 
A. vaigiensisA* 
S. argusSp* 
F. lateralisSp* 
C. mugiloidesA 
H. vittatusS** 
C. mugiloidesA* 
A. vaigiensisA* 
L. presbyteroidesS* 
S. burrusS 
F. lateralis**** 
A. vaigiensis* 
T. pleurogramma* 
A. elongata* 
C. mugiloides 
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The fish assemblage data obtained using the 41.5 m net in each season in 1994 
and 2008-10 were separately subjected to one-way SIMPERs to explore the basis for the 
regional differences in each period (Table 2.16). Favonigobius lateralis was a typifying 
species in both the lower and middle regions of the estuary in 1994 and 2008-10 
(Table 2.16a, b). While F. lateralis was caught in similar numbers throughout the two 
lower regions in 2008-10, it was consistently more abundant in the lower than middle 
regions in 1994. In addition, T. pleurogramma and S. punctatus were comparatively 
more abundant in the middle region during the earlier period. In contrast, the 
icthyofaunal composition in the middle basin in 2008-10 was distinguished from that of 
the lower estuary by higher numbers of O. rueppellii, C. mugiloides, G. marmoratus 
and A. elongata (Table 2.16b). 
 
 
 
Table 2.16. Species  that  consistently typified (shaded) and distinguished (un-shaded)  
the  fish assemblages caught in the lower and middle regions of the Leschenault Estuary 
among each season in (a) 1994  and (b) 2008-10 using the 41.5 m seine net, as detected 
by one-way  SIMPER. The region in which each species was most abundant is given in 
superscript for each pairwise comparison (i.e. L, lower and M, middle). Asterisks 
denote the relative consistency of each species in either typifying or distinguishing the 
faunal compositions in each region, as measured by the similarity to standard deviation 
ratio and dissimilarity to standard deviation ratio, respectively; 1.0-1.5*, 1.5-2.0**, 
2.0-2.5***, >2.5**** . 
 
 (a) 1994 (b) 2008-10 
 Lower Middle Lower Middle 
Lower F. lateralis* 
  F. lateralis**** 
T. pleurogramma** 
S. punctatus 
G. marmoratus 
 
Middle 
T. pleurogrammaM* 
F. lateralisL* 
S. punctatusM 
T. pleurogramma* 
F. lateralis 
 O. rueppelliiM* 
C. mugiloidesM 
G. marmoratusM 
A. elongataM 
F. lateralis*** 
O. rueppellii* 
A. elongata 
T. pleurogramma* 
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2.4 Discussion 
2.4.1. The fish faunas of the Leschenault Estuary in 2008-10.  
2.4.1.1 Contributions of fish species and life-cycle guilds 
 The present study demonstrated that the fish samples collected using the 21.5 m 
seine net in the shallow, nearshore waters of all four regions of the Leschenault Estuary 
in each season Austral between winter 2008 and autumn 2008-10 were dominated, by 
the atherinid Atherinosoma elongata, which comprised 64 % of the total catch. Two 
other atherinids, Craterocephalus mugiloides and Leptatherina presbyteroides, along 
with the clupeid Hyperlophus vittatus and the mugilid Aldrichetta forsteri, were also 
abundant. Each of these species is also abundant in other estuaries along the lower 
west-coast of Australia (Loneragan et al., 1989; Valesini et al., 1997; Young & Potter, 
2003a, b). Atherinosoma elongata, C. mugiloides, L. presbyteroides and H. vittatus are 
all small species that typically have a one year life cycle (Prince & Potter, 1983; Goh, 
1992). In contrast, the marine estuarine-opportunist A. forsteri is known to occur in 
and/or return to estuaries for up to three years (Chubb et al., 1981), it was 
predominantly represented by small 0+ fish (i.e. ̅	= 69 mm TL) in nearshore waters of 
the Leschenault Estuary.  
 As is typically the case with estuaries throughout the world, marine stragglers 
were most abundant near the mouth of the Leschenault Estuary and marine 
estuarine-opportunists made a very important contribution to the total fish fauna 
(Claridge et al., 1986; Nordlie, 2003; Maes et al., 2005; Mbande et al., 2005). As with 
other permanently-open estuaries in south-western Australia, the marine 
estuarine-opportunists A. forsteri, H. vittatus, Atherinomorus vaigiensis and Mugil 
cephalus were particularly abundant in the Leschenault Estuary (Young et al., 1997; 
Young & Potter, 2003a, b; Loneragan et al., 1986), with this life-cycle guild making a 
greater contribution to the samples in the lower (69 %) than middle (28 %) regions.  
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Estuarine residents, mainly A. elongata and C. mugiloides, made the greatest 
contribution, however, to the total number of individuals throughout the whole estuary, 
i.e. 48.3 %, and increased in relative abundance from the lower (7 %) to the middle 
(31.9 %) to the upper (69.3 %) and then apex (83.4%) regions. The high contribution of 
this life-cycle guild to the more distal regions of the estuary may be related, in part, to 
the absence of substantial freshwater discharge and tidal water movement in the upper 
areas of the Leschenault Estuary, which would greatly reduce the chances of these 
species being flushed out of the estuary. Furthermore, the high prevalence of 
A. elongata in the upper regions of the Leschenault Estuary could also be related to the 
finding that this species is most abundant in areas containing the seagrass Ruppia 
megacarpa in other estuaries (Humphries & Potter, 1993; Hoeksema et al., 2009) and 
the fact that this seagrass species is particularly abundant in those upper regions of the 
Leschenault Estuary (Hillman et al., 2000). 
In contrast to the above two estuarine resident species, two other members of 
this guild, Pseudogobius olorum and Leptatherina wallacei, were far less numerous in 
the Leschenault Estuary than in other permanently-open systems on the same coast, 
such as the Swan-Canning and Blackwood estuaries (Loneragan et al., 1989; Valesini 
et al., 1997). It thus appears highly relevant that these species are most abundant in the 
more distal reaches of these estuaries, where salinities are reduced and particularly so 
during winter and spring (Potter et al., 1993; Valesini et al., 1997; Young et al., 1997; 
Hoeksema & Potter, 2006). Thus, the maintenance of elevated salinities throughout the 
Leschenault Estuary during most of the year may well account for the relatively lower 
abundances of these two species in this system.  
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2.4.1.2  Numbers of species, density and Shannon-Wiener index  
 The 43 fish species recorded during seasonal sampling of nearshore waters of 
the Leschenault Estuary over two consecutive years is substantial and greater than the 
31 and 27 species recorded using a similar sampling regime in the permanently-open 
Blackwood River Estuary to the south and intermittently-open Moore River Estuary to 
the north, respectively (Valesini et al., 1997; Young et al., 1997). That number is less, 
however, than the 43 and 71 species recorded in the Peel-Harvey and Swan-Canning 
estuaries, immediately to the north of the Leschenault Estuary (Loneragan et al., 1989; 
Young & Potter, 2003b). The greater number of species in those latter two estuaries 
presumably reflects the fact that these two systems are far larger and probably contain 
more diverse habitats. As noted above, the main species in the Leschenault and more 
northern estuaries were the same.  
As hypothesised, the overall number of species, density of fish and 
Shannon-Wiener index were generally lower in the upper and apex regions of the 
estuary than in its lower and middle regions. These differences were particularly marked 
during spring and summer, when hypersaline conditions and elevated water 
temperatures were present in the upper reaches of the estuary basin. For example, in the 
summer of 2009/10, when water temperatures and salinities peaked at c. 35°C and 
40-45, respectively, only three species were caught in the upper and apex regions, 
i.e. A. elongata, Sillago schomburgkii and C. mugiloides, compared with the 25 species 
recorded in the same season in the lower / middle basin of the estuary.  
The atherinids, A. elongata and C. mugiloides, whose life cycles are confined to 
estuaries on the lower west coast of Australia (Potter & Hyndes, 1999), are abundant 
throughout these estuaries and are thus clearly capable of tolerating a wide range of 
salinities (Thompson & Withers, 1992; Young & Potter, 2002, 2003a; Valesini 
et al., 2011), which would account for their occurrence in the upper and apex regions of 
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the Leschenault Estuary where salinities ranged from c. 10 to 50. Indeed, A. elongata 
was the only species to survive in the nearshore waters of the Wellstead Estuary when 
the salinities in that estuary reached 134 (Hoeksema et al., 2006a). The atherinid 
C. mugiloides is essentially a tropical species (Hoese et al., 2006), which is now the 
most abundant atherinid in the nearshore waters of most areas of the lower and middle 
reaches of the Swan-Canning Estuary, where salinities approximate those of sea water 
for a substantial part of the year (Valesini et al., 2011). The whiting, Sillago 
schomburgkii is a marine estuarine-opportunist that penetrates far into the upper regions 
of other south-western Australian estuaries (Lenanton, 1977; Loneragan et al., 1986) 
and can thus likewise clearly osmoregulate in a wide range of salinities.  
 As hypothesised, the close proximity of the lower and middle regions of the 
estuary to the ocean and thus to more marine-like conditions results in the number of 
species in these areas being greater due to the presence of more species of marine 
teleost. Thus, the contribution of marine stragglers and marine estuarine-opportunists 
declined from 70 % in the lower region, which was nearest to the entrance channel, to 
15 % in the apex region of the estuary. This decline in the number of marine species 
with distance to estuary mouth parallels the situation in the permanently-open 
Swan-Canning and Peel-Harvey estuaries, particularly prior to the opening of a second 
artificial entrance channel (Loneragan et al., 1986; Loneragan, et al., 1990).  
 The similarities between the contributions of the life-cycle guilds to the total 
numbers of fish in the middle region, i.e. marine species (marine estuarine-opportunists 
and marine stragglers; 28.4 %), estuarine & marine (31.9 %) and estuarine residents 
(39.7 %), suggest that this region can be considered to represent a zone of transition for 
the fauna. This feature reflects the fact that the fauna in the middle region contains large 
numbers of marine species such as H. vittatus, which were very abundant in the lower 
estuary but were not caught in the upper and apex regions, and substantial numbers of 
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estuarine residents, such as C. mugiloides and A. elongata, which were particularly 
prevalent in the upper and apex regions.  
 The densities of fish were generally lowest in the upper and apex regions, except 
in autumn of 2008/09, when large numbers of A. elongata, C. mugiloides and 
A  vaigiensis were recorded. Since, like most estuarine residents, A. elongata and 
C. mugiloides spawn during spring and summer (Prince & Potter, 1983), this peak in 
abundance represents the new 0+ recruits. This point is exemplified by the fact that the 
mean length of the C. mugiloides caught in the autumn of 2008/09, i.e. 34 mm TL, was 
smaller than the 47 mm TL recorded in both spring and summer.  
Earlier studies have demonstrated that the young juveniles of the euryhaline 
marine estuarine-opportunist A. vaigiensis, previously termed Pranesus ogilby, migrate 
into estuaries in south-western Australia during autumn (Prince et al., 1982; Prince & 
Potter, 1983; Loneragan et al., 1986; Hoeksema & Potter, 2006). This pattern of 
migration is consistent with the observation that, while A. vaigiensis was virtually 
absent from the estuary during spring and summer, large numbers of its individuals with 
mean length of 54 mm TL were caught in autumn. 
 
2.4.1.3 Regional differences and seasonal differences in the fish compositions 
The ichthyofaunal composition in nearshore waters of the Leschenault Estuary 
in 2008-10 differed more in relation to region of the estuary than to season and/or year, 
with these regional differences largely reflecting differences between the faunas in the 
lower/middle regions and the upper/apex regions. The faunal differences between 
regions were greatest during spring and summer, when the upper region and even more 
particularly the apex region became hypersaline. As mentioned earlier, the difference 
between summer and winter, in the ichthyofaunal compositions of the upper/apex and 
lower/middle regions, reflected a marked decline in the number of species, which was 
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particularly pronounced in the summer of 2009/10 when salinities reached their 
seasonal maxima during the two year period.   
It is worth reiterating that the trend for salinity to be highest in the most distal 
part of the basin of this system is very unusual and due to the fact that the main river 
discharges into the lower part of the basin, directly opposite the entrance channel, rather 
than into its apex and upper regions. In other estuaries, the rivers discharge into the 
more distal reaches of these systems and thus, at most times of the year, there tends to 
be an overall salinity gradient from the top to the bottom of the estuary. In estuaries, 
such as the Swan-Canning and the Peel-Harvey prior to the opening of the Dawesville 
Channel in 1994, the heavy freshwater discharge that occurs during winter and early 
spring causes very pronounced declines in salinity throughout these systems and thus a 
marked change in ichthyofaunal composition in particularly the more distal part of the 
system (Loneragan et al., 1986; Loneragan & Potter, 1990).  
As the lower estuary is closest to the entrance channel and thus to a marine 
influence, it is not surprising that its fauna was largely characterised by marine 
estuarine-opportunists, which were mainly represented by H. vittatus. This species has 
been recorded in high abundances in the lower and more marine-like regions of other 
permanently-open estuaries, such as the Swan-Canning and Peel-Harvey 
(Potter et al., 1983; Gaughan et al., 1996a; Young & Potter, 2003a, b). The only teleost 
that was a typifying species for the lower estuary in all seasons was the goby 
F. lateralis, which was also a typifying species in the middle estuary where salinities 
were likewise close to full strength sea water for most of the year. This probably reflects 
a preference for ‘marine salinities’ and sandy substrates by this goby, which is 
represented by marine as well as estuarine populations (Gill & Potter, 1993; Wurm & 
Semeniuk, 2000).    
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The use of MDS ordination emphasised that the compositions of the fish fauna 
in each of the four regions of the Leschenault Estuary underwent seasonal changes and 
that these were typically cyclical (Fig. 2.5). In the case of the apex region this reflected, 
in part, the fact that only three species remained in this region in summer when salinities 
became markedly elevated (see earlier). In contrast, the seasonal changes in the lower 
and middle areas of the estuary were related to the seasonal patterns of immigration and 
emigration of marine species, such as H. vittatus, Torquigener pleurogramma, 
Gymnapistes marmoratus, S. punctatus, A. forsteri and Stigmatopora argus being 
represented by greater numbers in spring and/or summer. This parallels the situation in 
the Peel-Harvey Estuary following the opening in 1994 of the deep artificial Dawesville 
Channel, which greatly increased tidal exchange with the ocean (Young & Potter, 
2003b). Conspicuous seasonal cycling is a characteristic of estuaries in macrotidal 
regions of the northern hemisphere, where it reflects a distinct sequential pattern of 
immigration and emigration of particularly the 0+ age class of the various marine 
species during the year and the seasonal occurrence of diadromous species (Claridge 
et al., 1986; Thiel & Potter, 2001; Maes et al., 2005).  
  
2.4.2 Comparisons between the ichthyofauna of the Leschenault Estuary in 1994 
and 2008-10.  
2.4.2.1  Number of species and densities 
This study demonstrated that the fish samples collected by the 21.5 seine net 
throughout the lower and middle regions of the Leschenault Estuary in 1994 and 
2008-10 contained a similar number of species (33 and 36, respectively) and yielded 
similar densities of fish (262 and 242 fish 100 m-2, respectively). Although the number 
of species recorded using the 41.5 m net in 1994 (30) approached that in 2008-10 (35), 
the estimates of density derived from the samples obtained by this net were far greater 
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in the more recent (45 fish 100 m-2) than earlier (19 fish 100 m-2) period. There is thus a 
marked contrast between the similarities in the densities derived from samples obtained 
by the 21.5 m seine net in the two periods and the far greater densities derived using the 
41.5 m seine net in 2008-10 than in 1994.  
The 21.5 m net sampled waters close to the shore and which, in both periods, 
contained little weed or seagrass and thus provided a similar habitat for fish. The 
similarity in the densities derived from the use of the 21.5 m seine net in 1994 and 
2008-10 thus implies that the abundances of fish in shallow waters close to shore were 
similar in the two periods, during which conditions were similar in those waters. In 
contrast to the situation in 1994, the waters slightly further offshore, which were 
sampled by the 41.5 m seine net, contained substantial patches of macroalgae and/or 
seagrass in 2008-10. It is thus proposed that the higher catches in 2008-10 were due to 
greater abundances of fish within this “plant material,” including those of some species 
that are most abundant within this type of habitat, and/or a ‘reduction’ in mesh size due 
to lining of the net by weed and thus to an increase in the catchability of fish. The latter 
of these possibilities is consistent with the results of Pierce et al. (1990), which 
demonstrated that the ‘catching efficiency’ of a 52 m seine net in numerous lakes across 
Canada was positively correlated with the biomass of macrophytes retained in the net. It 
is thus relevant that nuisance and prolific macroalgal blooms of Cladophora, Ulva, and 
Rhizoclonium were observed in spring of 2005 in the Leschenault Estuary and were 
indicative of high nutrient loading within the estuary (McKenna, 2007). Indeed, a major 
concern to managers is the recent evidence of eutrophication in the form of extensive 
and relatively frequent macroalgal blooms in the Leschenault Estuary (McKenna, 2007). 
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2.4.2.2  Contributions of fish species and ichthyofaunal compositions 
The data in Tables 2.9 and 2.10 emphasize that most of the species that were 
abundant in the catches obtained by the 21.5 m net in 1994 were likewise abundant in 
those obtained in 2008-10 and that the same was true for the 41.5 m net. Thus, the top 
eight and top nine most abundant species caught using the 21.5 and 41.5 m seine nets in 
2008-10, respectively, also ranked among the 11 most abundant species recorded by 
those respective nets in 1994. However, the limited overlap on the ordination plots of 
the points for the samples collected by the corresponding nets in each period (Fig. 2.11) 
implies that the compositions of the icthyofaunas in these periods differed. This 
conclusion is supported by the fact that two-way crossed ANOSIM tests, involving 
period × season for the 21.5 m net and period × region for the 41.5 m net, yielded 
Global-R statistic values for period of 0.441 and 0.312, respectively, which, in the case 
of each net, is far greater than that of the other effect (Table 2.13).   
 The differences between the faunal compositions in the late 2000s and early 
1990s were attributable to the presence, in the more recent but not earlier period, of 
substantial numbers of two tropical species of atherinid, C. mugiloides and A. vaigiensis 
(Hoese et al., 2006), and to differences in the relative contributions made by some 
species in these periods. The above two atherinid species have become so numerous 
that, in 2008-10, C. mugiloides ranked fifth and A. vaigiensis ninth when using samples 
collected by the 21.5 m net. Although C. mugiloides and A. vaigiensis were likewise 
recorded in the samples obtained by the 41.5 m net in 2008-10 but not in 1994, they 
made a far lower contribution to the total catch by this net than to that of the 21.5 m net, 
with the result that they ranked far lower, i.e. 12th and 28th, respectively. The presence 
of far larger catches of C. mugiloides and A. vaigiensis by the 21.5 m seine net than the 
41.5 m net in 2008-10, allied with the absence of these species in both nets in 1994, 
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probably accounts for the greater inter-period difference in faunal composition when 
using data from the 21.5 m net than the 41.5 m net.  
The far greater densities of C. mugiloides and A. vaigiensis that were derived 
from data collected using samples obtained by the 21.5 m net than by the 41.5 m net are 
probably related to the following. As these two atherinids are tropical species, it is likely 
that they would be most abundant in the warmer areas of the estuary, i.e. in very 
shallow nearshore waters. These areas are precisely the ones sampled by the 21.5 m 
seine net. It is also noteworthy that at least A. vaigiensis is often most abundant over 
unvegetated sand (Valesini et al., 2004) and that the very shallow nearshore waters of 
the Leschenault Estuary contained little vegetation. In contrast, the waters further 
offshore that were sampled using the 41.5 m net often contained substantial amounts 
(see earlier). Indeed, the 41.5 m net frequently became so ‘clogged’ with weed that it 
was difficult to haul this larger seine net and thus, on these occasions, it was hauled 
directly into the boat rather than onto the shore. It thus did not always sample the waters 
along the shoreline which were sampled by the 21.5 m net.  
 Craterocephalus mugiloides lives predominantly in marine environments in the 
mid-west coast of Australia, where there are no estuaries, while it is confined to 
estuaries in south-western Australia (Prince & Potter, 1983). It thus appears relevant 
that this atherinid lives in protected nearshore waters in bays further to the north in 
Western Australia and that estuaries further to the south would provide habitats that 
offer similar protection and also warmer waters than outside these estuaries during the 
critical late spring to early autumn period when spawning occurs. This species has 
become so successful in the Swan-Canning Estuary, c. 150 km to the north of the 
Leschenault Estuary, that it is now the most abundant atherinid in the lower and middle 
regions of this system (Valesini et al., 2011) and A. vaigiensis remains moderately 
abundant in that estuary (cf. Loneragan et al., 1989; Valesini et al., 2011).  
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Craterocephalus mugiloides and A. vaigiensis were moderately abundant in the 
Peel-Harvey Estuary, only c. 90 km to the north of the Leschenault Estuary, during 
concomitant sampling in 2008-10 (see Chapter 3) and in earlier studies (Potter et al., 
1983; Young & Potter, 2003a, b). Thus, the colonisation of the Leschenault Estuary by 
C. mugiloides and A. vaigiensis in 2008-10 represents a southwards extension of the 
distributions of these two species over the last 15 years. As these two atherinids are 
essentially tropical species, it is relevant that coastal water temperatures in 
south-western Australia have been increasing by 0.02 °C per annum over the last 50 
years, and that this trend was most pronounced between 1985 and 2004 (Pearce & Feng, 
2007; Pearce et al., 2011), when C. mugiloides and would probably have become 
established in the Leschenault Estuary. While both species could have become recruited 
from the Peel-Harvey and/or Swan-Canning estuaries, A. vaigiensis could have been 
derived from populations in marine waters as this species is represented by populations 
in both marine and estuarine environments. In the context of the effects of temperatures 
on the distributions, it is worth noting that pronounced increases in the temperatures of 
waters along the south-eastern coast of Australia since the late 1800s have also led to 
significant and permanent shifts in the distributions of 45 of 300 marine fish species off 
the coast of Tasmania (Last et al., 2011).  
 Care must be exercised in drawing conclusions between differences in the 
abundances of the other fish species in samples collected in 1994 and 2008-10 as only 
one year was sampled in the earlier period and many of the species have short life 
cycles and are thus prone to exhibiting substantial inter-annual changes in recruitment 
and thus abundance. There are, however, some differences between certain fish species 
in the two periods that can logically be attributed to changes that have occurred in the 
environment of the Leschenault Estuary.  
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 Comparative studies have shown that the amount of the seagrass Halophila 
ovalis in particularly the middle part of the Leschenault Estuary increased from very 
low levels in 1997-98 to moderate levels in 2005 (Wurm & Semeniuk, 2000; Semeniuk 
& Semeniuk, 2005). It has been suggested that this increase reflected a decline in 
freshwater flow and thus an increase in both salinity and the availability of light 
(Hillman et al., 2000; McKenna, 2007). It thus appears relevant that three marine 
estuarine-opportunist species, S. punctatus, Pelates octolineatus and G. marmoratus, 
which use the nearshore seagrass habitats in estuaries as nursery areas (Grant, 1972; 
Edgar & Shaw, 1995a, c; Hyndes et al., 1997, 1998; Valesini et al., 2004), together with 
the estuarine & marine species, Ostorhinchus rueppellii, which is highly associated with 
macroalgae (Linke et al., 2001; Travers & Potter, 2002), were all relatively more 
abundant in the samples collected using both the 21.5 and 41.5 m nets in 2008-10 than 
in 1994.  
In the case of the 21.5 m net, the samples were characterised by far higher 
abundances of the goby F. lateralis in 1994 than in 2008-10. As F. lateralis was also 
very abundant in 1994 in nearshore waters of Koombana Bay, just outside the entrance 
channel (Potter et al., 1997b), conditions were clearly favourable for the spawning 
success of this goby both inside and outside the estuary in that year. ANOSIM tests 
demonstrated that F. lateralis was relatively more abundant in the lower than middle 
region of the estuary in 1994 (Table 2.16). Since F. lateralis was shown experimentally 
to suffer higher mortality when placed in aquaria containing a silt substrate rather than a 
sandy substrate (Gill & Potter, 1993), its lower abundance in 2008-10 than in 1994 
could reflect the increase in siltation that has occurred during recent years in the lower 
region of the Leschenault Estuary (McKenna, 2007; Kilminster, 2010; DoW, 2011).  
Two other benthic gobiids, Pseudogobius olorum and Afurcagobius suppositus, 
were also recorded in higher densities in 1994 than in 2008-10 in the 21.5 m net 
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samples. These species are entirely confined to estuaries and tend to occupy the upper 
part of these systems where salinities are least (Gill & Potter, 1993; Hoeksema & Potter, 
2006). Thus, the presence of higher densities of these two species in 1994 than in 
2008-10 may be related to the fact that salinities in the lower and middle regions of the 
Leschenault Estuary in the earlier period were less than those in the more recent period, 
and particularly in 2008-09. Those increases in salinity are directly related to declines in 
freshwater discharge, which is illustrated by the fact that the average discharge in the 
Leschenault Estuary declined precipitously from 63,365 ML between 1990 and 2012, to 
32,648 ML between 2001 and 2012 (see Appendix 2.1). 
While the densities of F. lateralis, P. olorum and A. suppositus, derived from the 
samples collected by the 41.5 m seine net, were also higher in 1994 than in 2008-10, 
they were less and  the differences between the periods were not as extreme as with the 
data derived from the 21.5 m seine net. This could be due to the larger seine net being 
less efficient in catching benthic species such as gobies, a conclusion that would be 
consistent with that drawn by Hallett (2010) on the basis of a detailed quantitative 
comparison of the catches taken of fish by different size nets in the Swan-Canning 
Estuary.  
It was evident that the composition of the fish fauna, based on data collected 
using the 21.5 m net, underwent less pronounced seasonal changes in 2008-10 than in 
1994. It may thus be relevant that, in each season, salinities were closer to that of sea 
water (35) in 2008-10 than in 1994. This could account for the range of important 
typifying species in each season being greater in 2008-10 and for the marine species 
T. pleurogramma being a typifying species in winter and spring as well as in autumn.  
In the context of the substantial abundances of C. mugiloides and A. vaigiensis 
in 2008-10 and their absence in 1994, it may be relevant that the composition of the 
ichthyofauna, based on samples collected using the 21.5 m net, underwent greater 
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seasonal changes in 1994 than in 2008-10, thus accounting for the significant 
period × season interaction. This could reflect the more elevated salinities maintained in 
the lower and middle estuary in the more recent period as a result of recent declines in 
freshwater flow. Seasonal differences in 1994 were mainly driven by higher numbers of 
F. lateralis and Contusus brevicaudus in winter, coinciding with their summer to 
autumn spawning periods (Potter et al., 1997b) and greater abundances of marine 
species such as S. punctatus, H. vittatus, S. argus and M. cephalus in summer and 
spring, reflecting their seasonal movement from nearby marine waters (Loneragan et al., 
1989; Potter & Hyndes, 1999). The estuarine and marine teleost, L. presbyteroides was 
also relatively more abundant in spring. The small degree of seasonal change in the 
compositions of the fish fauna in 2008-10 was mainly due to a higher prevalence of 
C. mugiloides and A. vaigiensis in autumn than in all other seasons, relating to their 
spring to summer spawning period (Prince & Potter, 1983).  
 In summary, it is particularly striking that the 21.5 and 41.5 m nets both caught 
C. mugiloides and A. vaigiensis in 2008-10 but not in 1994 and that the densities of 
these two species in the shallow waters along the shoreline were particularly high in the 
more recent period. It thus seems reasonable to propose that this extension of the 
distribution of two tropical species southwards into the Leschenault Estuary occurred 
during a period when water temperatures along the coast are known to have increased. It 
also appears reasonable to suggest that increased siltation could account for the lower 
densities of the goby F. lateralis in nearshore waters along the shoreline and that a 
decrease in the densities of two other gobies, A. suppositus and P. olorum, which prefer 
low salinities, could be related to an overall reduction in freshwater discharge since the 
1990s and thus to an increase in salinity. Finally, the greater densities of species such as 
G. marmoratus, S. argus, S. punctatus and O. rueppellii, which have a strong affinity 
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for macroalgae and/or seagrass, could reflect the increase that has occurred in the 
amount of plant material in the Leschenault Estuary. 
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2.5 Appendices 
 
 
Appendix 2.1. Mean annual freshwater discharge (ML) recorded across four different 
monitoring sites along the Collie, Preston and smaller tributary rivers of the Leschenault 
Estuary between 1990 and 2012. The straight horizontal lines represent the overall mean 
freshwater discharge recorded within the given sets of years. Data extracted from 
Department of water website:   
http://kumina.water.wa.gov.au/waterinformation/telem/stage.cfm.  
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CHAPTER 3 
Characteristics of the fish fauna of the Peel-Harvey Estuary 
in 2008-2010. 
 
3.1 Introduction 
 The fish faunas of estuaries in temperate regions of the world undergo marked 
regional, seasonal and inter-annual changes in species composition and abundance and 
in the length distributions of many of their species (Claridge et al., 1986; Bennett, 1989; 
Loneragan et al., 1989; Yocklavich et al., 1991; Maes et al., 1998; Hagan & Able, 
2003; Young & Potter, 2003a, b; Akin et al., 2005). The pronounced seasonal changes 
undergone each year by the ichythofaunal compositions in the macrotidal Severn, Elbe 
and Scheldt estuaries in Europe are due mainly to the time-staggered recruitment of 
large numbers of marine estuarine-opportunist species that use these systems as nursery 
areas (Claridge et al., 1986; Potter et al., 1997a; Thiel & Potter, 2001; Maes et al., 
2005). While such species are also abundant in the microtidal estuaries of south-western 
Australia and southern Africa, these systems also contain several species that complete 
their life cycles and are numerous within these systems (Bennett, 1989; Loneragan 
et al., 1989; Potter et al., 1990; Potter & Hyndes, 1999; Harrison & Whitfield, 2006; 
Hoeksema & Potter, 2006; Hoeksema et al., 2009). Hence, spatio-temporal changes in 
the ichthyofaunal compositions in microtidal estuaries are often also related to the 
timing of spawning and thus the recruitment of these latter species (Bennett, 1989; 
Loneragan et al., 1989; Potter & Hyndes, 1999; Hoeksema & Potter, 2006).  
 The temperate estuaries of south-western Australia and southern Africa are 
morphologically similar and typically consist of a narrow entrance channel, i.e. lower 
estuary, a large shallow basin or basins, i.e. middle estuary, and the lower reaches of the 
tributary river(s), i.e. upper estuary (Day, 1981; Potter et al., 1990; Hodgkin & Hesp, 
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1998; Potter et al., 2010). The various regions of these estuaries typically vary in their 
environmental conditions and, as a result, their fish faunas often exhibit different 
characteristics. The marked spatial differences in fish faunal composition obviously 
reflect the extent to which the various species are able to tolerate and particularly 
osmoregulate in the varying environmental conditions throughout these estuaries 
(Loneragan et al., 1989; Potter & Hyndes, 1999; Whitfield, 1999; Young & Potter, 
2002; Harrison & Whitfield, 2006). Furthermore, these regional patterns differ 
throughout the year and, in many cases, are related to seasonal changes in salinity 
and/or temperature (Loneragan et al., 1986; Whitfield, 1999; Valesini et al., 2004). 
 In south-western Australia and southern Africa, where rainfall and thus 
freshwater discharge is highly seasonal, the salinity of the estuaries undergo marked 
seasonal changes, particularly in their upper reaches (e.g. Potter et al., 1990; Whitfield, 
1999; Hoeksema & Potter, 2006; Chuwen et al., 2009b). Furthermore, the waters in 
certain parts of some of these estuaries can become hypersaline during the warm 
summer and autumn months when evaporation is high and freshwater input is negligible 
(Loneragan et al., 1987; Hodgkin & Hesp, 1998; Cooper, 2001; Young & Potter, 2002; 
Richardson et al., 2005). Since climate change in south-western Australia has resulted 
in a recent decline in rainfall and thus of freshwater discharge, there is an increasing 
need to understand the way in which reduced freshwater input is likely to impact 
estuarine ecosystems in this region (IOCI, 2002; Howieson, 2009; Whitfield & Taylor, 
2009; Gillanders et al., 2011).  
 In the Swan-Canning Estuary, which flows through the city of Perth, the 
temporal changes in fish faunal composition of particularly the nearshore, shallow 
waters are largely attributable to the fact that estuarine species spawn at particular times 
of year, thereby resulting in the production of high densities of 0+ fish in these waters 
during certain periods (Loneragan et al. 1989, Loneragan & Potter, 1990). However, in 
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the case of the large, microtidal Peel-Harvey Estuary in south-western Australia, the 
factor(s) driving the compositions of the fish faunas changed markedly following the 
opening of a deep, artificial entrance channel in the mid-1990s, which dramatically 
increased marine tidal exchange between the estuary and the ocean (see Chapter 2 for 
more documentation). The opening of the Dawesville Cut provided greater access for 
marine teleosts to enter the estuary and, due to elevated and more consistent salinities, 
enabled them to penetrate further into the basins. Furthermore, the time-staggered 
immigration and emigration of larger numbers of juveniles of marine 
estuarine-opportunists led to the composition of the fish fauna of this estuary 
undergoing pronounced cyclical changes and thus to differ more in relation to season 
rather than region (Young & Potter, 2003a, b). This parallels the situation found in 
macrotidal estuaries of the northern hemisphere, such as the Elbe estuary in Germany 
(Thiel & Potter, 2001) and the Thames and Severn Estuary in the UK (Claridge et al., 
1986; Potter et al., 1986; 2001; Araujo et al., 1998), which are typically dominated by 
marine species.  
 In addition to their physico-chemical characteristics, the habitat types and 
benthic flora and fauna of estuaries in south-western Australia can also play important 
roles in determining the distributions of species in estuaries (Humphries & Potter, 1993; 
Jenkins et al., 1997; Valesini et al., 1997; Whitfield, 1999). Understanding the ways in 
which estuarine fish assemblages utilize and rely on different habitats is critical for the 
management of estuaries (Whitfield, 1997; Edgar et al., 2000; Guidetti, 2000; Kennish, 
2002; Bloomfield & Gillanders, 2005; Dyke & Watson, 2005), particularly in systems 
such as the Peel-Harvey, which are likely to undergo significant modification and 
potential loss of habitat through the effects of increased urbanisation and tourism 
(PHCC, 2011). While sheltered and often vegetated areas in the Peel-Harvey Estuary 
provide critical nursery areas for marine estuarine-opportunists, such as Sillaginodes 
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punctatus (Hyndes et al., 1997; 1998), Mugil cephalus and Aldrichetta forsteri (Chubb 
et al., 1979; 1981), many of which are commercially important (Lenanton & Potter, 
1987), sandy and coarser substrates constitute important spawning grounds for other 
teleosts (Gill & Potter, 1993; Laurenson et al., 1993). The diverse range of 
environments in the Peel-Harvey Estuary is reflected in the fact that Valesini et al. 
(2009) identified 12 significantly different habitat types with respect to a range of 
different physical and environmental characteristics in the nearshore waters of the 
basins and natural Mandurah Channel. Furthermore, a recent study demonstrated that 
the distribution and abundance of different species of macroalgae and seagrasses in the 
Peel-Harvey Estuary varied markedly within this system (Pedretti et al., 2011).  
 The aims of this chapter are to determine (1) the current species richness, density 
and compositions of the fish faunas in nearshore, shallow waters in each of the five 
main regions of the Peel-Harvey Estuary, i.e. the Mandurah Channel, Eastern Peel, 
Western Peel, Northern Harvey and Southern Harvey, and (2) the extent to which these 
biotic variables differ between regions, seasons and/or years. The resultant data were 
used to test the following hypotheses. (1) The fish faunas in the regions closest to the 
two entrance channels and thus to a marine influence, i.e. Mandurah Channel, Western 
Peel and Northern Harvey, contain the greatest number of species and diversity and the 
greatest number of marine species. (2) Spatial differences in the compositions of the 
fish faunas are greatest between regions that are furthest from and closest to the 
entrance channels, and these differences are mainly attributable to differences in the 
abundance of marine species.  
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Figure 3.1. Map showing the four sites (yellow circles) in nearshore shallow waters of 
the five regions of the Peel-Harvey Estuary, i.e. Mandurah Channel, Eastern Peel, 
Western Peel, Northern Harvey and Southern Harvey, which were sampled using the 
21.5 and 102.5 m seine nets in each season between the Austral winter of 2008 and the 
Austral autumn of 2010.  
 
84 
3.2 Materials and Methods 
3.2.1 Study area 
 The Peel-Harvey Estuary, which is located c.75 km south of Perth on the lower 
west coast of Australia (115°48’E, 32°36’S), is the largest estuarine system in this 
region, with a surface area of 136 km2 (Fig. 3.1; Hodgkin et al., 1980). It comprises two 
large basins, the Peel Inlet and Harvey Estuary, and the saline lower reaches of the three 
main tributaries, the Murray, Serpentine and Harvey rivers. The basins have an average 
depth of c. 0.8 m, with almost half of their area being < 0.5 m deep (Lukatelich & 
McComb, 1986). The Peel-Harvey Estuary is permanently-open to the Indian Ocean via 
the natural Mandurah Channel at the north-western end of the Peel Inlet and the deep 
artificial Dawesville Channel at the northern end of the Harvey Estuary (Young & 
Potter, 2003a; Brearley, 2005; Fig. 3.1). The Peel-Harvey catchment area, covering an 
area of c. 11,930 km2 consists of three major sub-catchments, the Murray, Serpentine 
and Harvey, and eight dams that have been constructed for urban water usage (EPA, 
2008; Rogers et al. 2010). Over 75 % of the natural vegetation of the catchment area is 
estimated to have been cleared for agriculture and urban development (EPA, 2008).  
  
3.2.2 Sampling regime  
 Fish at four sites in nearshore, shallow waters (< 1.5 m deep) in each of the five 
regions of the Peel-Harvey Estuary, i.e. the Mandurah Channel, Eastern Peel, Western 
Peel, Northern Harvey and Southern Harvey, were sampled using a 21.5 and 102.5 m 
seine net in each season over two consecutive years between the Austral winter (July) 
2008 and Austral autumn (April) 2010 (Fig. 3.1). The 102.5 m seine net consisted of 
two wings, each comprising a 44.5 m (25.4 mm mesh) and 5.5 m panel (15.9 mm 
mesh), and a bunt which measured 2.5 m in width at the mouth (15.9 mm mesh), 
tapering to 0.4 m (9.5 mm mesh) over a distance of  2.5 m. The net fished to a 
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maximum depth of 1.8 m and swept an area of 1600 m2. The dimensions of the 21.5 m 
seine net and methods used to collect and record biotic and environmental data are the 
same as those described in Chapter 2.2.2. 
 
3.2.3 Univariate analyses of environmental and biotic variables 
The mean values for salinity and water temperature in each of the five regions 
were used to construct separate Euclidean distance matrices, as were those for the 
number of species, total density (fish 100 m-2) and the Shannon-Wiener index that were 
derived from the data from samples obtained using both the 21.5 and 102.5 m seine 
nets. These latter three biotic variables were calculated using the DIVERSE routine. The 
above matrices for the two environmental and six biotic variables were each subjected 
to a three-way PERMANOVA design comprising years (two levels), seasons (four 
levels) and regions (five levels), with each of these factors being fixed. Prior to 
undertaking PERMANOVA, the numbers of species recorded using the 21.5 and 
102.5 m seine nets was subjected to a square-root and fourth-root transformation, 
respectively, while the water temperatures and the densities of fish required a loge(X+1) 
transformation (see Chapter 2.2.2). The low variability in values for salinity close to 
that of full seawater, i.e. 36, caused the slope to be highly negative when assessing the 
linear relationship between loge(mean) and the loge(standard deviation; see Chapter 
2.2.3). Thus, each value was first subtracted from 50 (a value greater than the maximum 
salinity) and then loge(X+1) transformed. In all PERMANOVA tests, the null 
hypothesis of no significant differences among a priori groups was rejected if the 
significance level (P) was < 0.05. The bases for any significant differences among a 
priori groups were identified and explored using plots of the marginal means and 95 % 
confidence intervals for each of the dependent variables.  
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3.2.4 Multivariate analyses of the fish compositions 
The numbers of each fish species recorded using the 21.5 and 102.5 m seine nets 
at each of the four sites in the five regions of the Peel-Harvey Estuary in each season in 
2008/09 and 2009/10 were dispersion weighted and then square root transformed 
(see Chapter 2.2.4). These data were used to construct two separate Bray-Curtis 
similarity matrices that were subjected to a three-way PERMANOVA design, identical 
to that described above.  
As PERMANOVA detected no significant interactions between the 
ichthyofaunal compositions collected using the 102.5 m net across years, seasons and 
regions (see Chapter 3.3.4), one-way ANOSIM tests employing the above matrix were 
conducted to examine the influence of each factor separately. As the three-way 
interaction between year × season × region was significant for the data collected by the 
21.5 m seine net (see Chapter 3.3.4), eight separate Bray-Curtis similarity matrices were 
constructed from the mean abundances of the fish species recorded in each season in 
2008/09 and 2009/10 and a series of one-way ANOSIM tests for region were 
undertaken. 
nMDS ordination plots were constructed from the above Bray-Curtis similarity 
matrices and used to visualise the extent to which a priori groups differed, and the basis 
for any interactions between factors, as identified by PERMANOVA. When significant 
differences were present among a priori groups, SIMPER analysis was undertaken to 
identify typifying and distinguishing species (see Chapter 2.2.4).  
 
3.3 Results 
3.3.1 Environmental conditions 
 Three-way PERMANOVA showed that salinity differed significantly among all 
main effects and interaction terms, with season and year being by far the most important 
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(i.e. pF = 182.8 and 119.8, respectively; Table 3.1a). Mean salinity underwent 
pronounced seasonal changes, rising from its minimum in winter to its maximum in 
either summer or autumn (Fig. 3.2a). The relatively strong year × season interaction is 
explained by the salinity being lower in 2009/10 than 2008/09 in some seasons. 
Salinities ranged more widely in the Southern Harvey and Eastern Peel (21-48) than 
those in the Mandurah Channel, Western Peel and Northern Harvey (27-42).   
 Water temperature was significantly related to season and region and all 
interaction terms involving these main effects, with season being the most important 
(i.e. pF = 466.5; Table 3.1b). Water temperature exhibited pronounced seasonal 
changes, rising from its minimum in winter to its maximum in summer and then 
declining in autumn (Fig. 3.2b). The year × season interaction is due, in part, to 
temperatures in the Eastern Peel being higher in summer 2009/10 than in 2008/09.    
 
3.3.2 Mean densities of fish species and life-cycle guilds 
 A total of 58,980 fish, representing 46 species, was caught using the 21.5 m 
seine net, and 107,670 fish, comprising 56 species, were collected using the 102.5 m 
seine net in the five regions of the Peel-Harvey Estuary between the winter of 2008 and 
autumn of 2010 (Table 3.2 & 3.3). The five most abundant species caught using the 
21.5 m net were the Elongate Hardyhead Atherinosoma elongata, the Sandy Sprat 
Hyperlophus vittatus, the Silverfish Leptatherina presbyteroides, the Spotted 
Hardyhead Craterocephalus mugiloides and the Western Gobbleguts Ostorhinchus 
rueppellii, which collectively contributed c. 81 % to the total catch (Table 3.2). The 
samples obtained using the 102.5 m seine net also contained large numbers of O. 
rueppellii, H. vittatus, A. elongata and L. presbyteroides, which ranked 2, 3, 4 and 5, 
respectively, in terms of abundance (Table 3.3). While the Weeping Toadfish 
Torquigener pleurogramma ranked sixth and comprised < 5 % of the total catch caught  
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Table 3.1. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for 
3-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed for 
(a) salinity and (b) water temperature in the five regions sampled in the Peel-Harvey 
Estuary in each season in the two consecutive years between winter 2008 and autumn 
2010. df = degrees  of  freedom.  Significant results are highlighted in bold. 
  
(a) Salinity 
 
(b) Water temperature 
Main Effects df MS pF P  MS pF P 
Year 1 3.093 119.8 0.001  <0.001 0.1 0.857 
Season 3 4.722 182.8 0.001  1.601 466.5 0.001 
Region 4 0.128 5.0 0.009  0.018 5.3 0.008 
Interactions         
Year × Season 3 1.249 48.4 0.001  0.043 12.4 0.001 
Year × Region 4 0.086 3.3 0.013  0.027 7.8 0.001 
Season × Region 12 0.509 19.7 0.001  0.012 3.5 0.005 
Year × Season × Region 12 0.143 5.6 0.001  0.016 4.8 0.002 
Residuals 115 0.026    0.003   
 
 
 
Figure 3.2. Mean seasonal values for (a) salinity and (b) water temperature in nearshore 
waters of each of the five regions sampled in the Peel-Harvey Estuary, i.e. the 
Mandurah Channel (MC), Northern Harvey (NH), Southern Harvey (SH), Eastern Peel 
(EP) and Western Peel (WP), between winter (July) 2008 and autumn (April) 2010. For 
clarity, error bars representing the average ± 95 % confidence intervals have been 
presented for each plot.  
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using the 21.5 m net, this species was by far the most abundant in those of the larger 
seine net, in which it contributed c. 31 % to the overall catch.   
 The estuarine resident A. elongata was the most abundant species caught using 
the smaller net in the Mandurah Channel, Eastern Peel and Western Peel, contributing 
40.1, 26.8 and 35.5 % to the total catch in those regions, respectively (Table 3.2). 
Furthermore, A. elongata, together with H. vittatus, contributed 73.5 % to the overall 
catch in the Mandurah Channel. The fish faunas in the Northern Harvey mainly 
comprised C. mugiloides (35.7 %) and H. vittatus (21.6 %), while L. presbyteroides 
(34.5 %) and A. elongata (20.4 %) were most abundant in the Southern Harvey 
(Table 3.2). Other species that made a substantial contribution to the overall catch by 
the 21.5 m seine were the Yelloweye Mullet Aldrichetta forsteri (4.8 %), the Longfin 
Goby Favonigobius lateralis (3.4 %) and the Common Hardyhead Atherinomorus 
vaigiensis (2.7 %). 
 Nine of the ten most abundant species caught throughout the estuary using the 
21.5 m net also ranked among the ten most abundant caught using the 102.5 m seine 
(Tables 3.2, 3.3). However, samples collected using the larger net were dominated by 
T. pleurogramma and O. rueppellii, with the former species being most abundant in the 
Eastern Peel (63.8 %) and Southern Harvey (45.7 %) and the latter species dominating 
catches in the Western Peel (38.1 %) and Northern Harvey (33.5 %). While H. vittatus 
was by far the most abundant species in the Mandurah Channel (59.6 %), it contributed 
< 4 % of the overall catch in all other regions. Craterocephalus mugiloides was 
relatively abundant in the 21.5 m samples, contributing 11.3 % to the total catch, but 
was caught by neither net in the Eastern Peel (Table 3.2, 3.3).  
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Overall, samples collected using the 21.5 and 102.5 m nets contained 18 and 20 
species of marine straggler, 12 and 20 marine estuarine-opportunists, 8 estuarine & 
marine species and 8 and 7 estuarine residents, respectively (Table 3.2, 3.3). In the case 
of both nets, the Mandurah Channel yielded the greatest number of species, followed by 
the Northern Harvey, while the lowest numbers were recorded in the Southern Harvey 
and Eastern Peel.  
Although marine stragglers made the greatest contribution to the total numbers 
of species caught using each net, marine estuarine-opportunists were far more numerous 
in terms of number of individuals, contributing c. 37 and 58 % to the total catch by the 
21.5 m and 102.5 m seine, respectively (Table 3.2, 3.3). Estuarine residents made a far 
greater contribution to the total catch in the 21.5 m samples (39 %) than in the 102.5 m 
catches (8.9 %; Table 3.2, 3.3), which was attributable to relatively higher densities of 
A. elongata and C. mugiloides. For both seines, the greatest numbers of individuals 
were caught in the Mandurah Channel and Northern Harvey (Table 3.2, 3.3). 
 
3.3.3 Number of species, density and the Shannon-Wiener index 
 Three-way crossed PERMANOVA demonstrated that the mean numbers of 
species recorded using the 21.5 m seine net differed significantly among years, seasons 
and regions and that the year × season and season × region interactions were also 
significant (Table 3.4a). The main effects for season and region differed significantly 
for number of species in the case of the 102.5 m net. For both seine nets, region was by 
far the most influential term in the model (Table 3.4a). The numbers of species collected 
using each net were typically higher in the Northern Harvey, Western Peel and 
Mandurah Channel than in the Eastern Peel and Southern Harvey (Fig. 3.3a, d). The 
season × region interaction for the 21.5 m net is explained by the increase in the mean 
number of species from winter to spring and to their peak in summer in all regions apart 
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Table 3.4. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for 
three-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed for 
(a) number of species, (b) mean densities (fish 100 m-2) and (c) mean Shannon-Wiener 
index recorded using the 21.5 and 102.5 m seine nets in the five regions of the 
Peel-Harvey Estuary in each season in the two consecutive years between winter 2008 
and autumn 2010. df = degrees of freedom. Significant results are in bold.  
 
  
(a) Number of species 
  
21.5 m 
 
102.5 m 
Main Effects df MS pF  P  MS pF P 
Year 1 951 10.6 0.001 
 
42 1.5 0.227 
Season 3 890 9.9 0.001 
 
118 4.0 0.009 
Region 4 111
5 
12.4 0.001 
 
154 5.2 0.008 
Interactions         
Year × Season 3 404 4.5 0.003  34 1.2 0.324 
Year × Region 4 184 2.1 0.073  59 2.0 0.091 
Season × Region 12 261 2.9 0.007  48 1.6 0.086 
Year × Season × Region 12 134 1.5 0.118  39 1.3 0.213 
Residuals 115 90    29   
 
  
(b) Density 
  
21.5 m 
 
102.5 m 
Main Effects df MS pF  P  MS pF P 
Year 1 736 3.3 0.050 
 
376 1.3 0.245 
Season 3 5096 7.6 0.001 
 
574 2.1 0.067 
Region 4 1179 1.3 0.243  135
5 
4.8 0.003 
Interactions         
Year × Season 3 522 2.4 0.044  98 0.4 0.908 
Year × Region 4 394 1.8 0.101  315 1.1 0.338 
Season × Region 12 455 2.1 0.011  494 1.8 0.032 
Year × Season × Region 12 254 1.1 0.310  263 0.9 0.542 
Residuals 11
5 
223 
   
281 
  
                         
  
(c) Shannon-Wiener index 
  
21.5 m 
 
102.5 m 
Main Effects df MS pF  P 
 
MS pF P 
Year 1 473 4.1 0.042 
 
163
 
1.8 0.140 
Season 3 63 0.5 0.683 
 
263
3 
3.0 0.007 
Region 4 868 7.5 0.001 
 
330
2 
3.7 0.004 
Interactions 
 
   
 
   
Year × Season 3 274 2.4 0.071 
 
701 0.8 0.590 
Year × Region 4 131 1.1 0.342 
 
896 1.0 0.416 
Season × Region 12 223 1.9 0.036 
 
102
9 
1.2 0.264 
Year × Season × Region 12 181 1.6 0.105 
 
841 1.0 0.528 
Residuals 11
5 
117 
   
885 
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Figure 3.3. Number of species and mean densities (fish 100 m-2) caught using the 
21.5 m seine nets in each season in (a, e) each region of the Peel-Harvey Estuary and in 
each (b, f) year, i.e. 2008/09 and 2009/10 and recorded using the 102.5 m net in each 
(c, g) season and (d) region. For clarity, error bars representing the average ± 95 % 
confidence intervals have been presented for (a, e, g).  
97 
from the Southern Harvey, followed by a decline in autumn in all regions apart from the 
Northern Harvey (Fig. 3.3a). In winter and spring across all regions, the mean number 
of species caught using the smaller net were greatest in 2008/09 than in 2009/10 
(Fig. 3.3b). 
 The density of fish, derived using catches by the 21.5 m net differed 
significantly among seasons and there were significant two-way interactions between 
year × season and between season × region, while the densities recorded using the larger 
net differed significantly among regions but with a significant interaction between 
season and region (Table 3.4b). For each net, the significant main effects (pF = 4.8-7.6) 
were more influential than the interaction terms (pF = 1.8-2.4). The interaction between 
region and season can be attributed to the lack of a consistent pattern, with, for example, 
the densities derived from the 21.5 m net samples in the Northern Harvey being the 
greatest by far of all regions in summer but the lowest in spring (Fig. 3.3e). Similarly, 
the density in that region, derived from the samples collected using the 102.5 m net, was 
greatest in winter and autumn but lowest in spring (Fig. 3.3g). Across all regions, the 
densities calculated from the samples collected by the smaller net were greater in the 
summer of 2008/09 than in the summer of 2009/10 (Fig. 3.3f).  
 In the case of the 21.5 m net, values for the Shannon-Wiener index differed 
significantly among years and regions and the two-way interaction between 
season × region was also significant, while season and region were significant in the 
case of the 102.5 net (Table 3.4c). For both nets, region was the most influential factor 
and, overall, the values were highest in the Western Peel and Northern Harvey 
(Table 3.4c; Fig. 3.4a, c). The region × season interaction for the 21.5 m net was due to 
the lack of a consistent pattern in the seasonal diversities across regions (Fig. 3.4a). The 
values for Shannon-Wiener index recorded using the 102.5 m net were greater in 
summer and autumn than in winter and/or spring (Fig. 3.4b). 
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Figure 3.4. Mean values for the Shannon-Wiener index recorded using the 21.5 m net 
in (a) each season in each of the five regions of the Peel-Harvey Estuary and using the 
102.5 m net in each (b) season and (c) region. For clarity, error bars representing the 
average ± 95 % confidence intervals have been presented for (a).  
 
3.3.4 Compositions of the fish fauna 
 A three-way PERMANOVA demonstrated that, in the case of both nets, the fish 
compositions in the five regions of the Peel-Harvey Estuary in 2008/09 and 2009/10 
differed significantly among years, seasons and regions (Table 3.5a, b) and that the 
season × region and the triple interaction were significant in the case of the 21.5 m seine 
(Table 3.5a). Season was slightly more influential than region for the fish assemblages 
caught using the 21.5 m net, while the reverse was true for the larger seine.  
 One-way ANOSIM tests detected few variations among the compositions of the 
fish faunas caught in each region using the 21.5 m net in each year, with only 16 of the 
possible 80 pairwise comparisons being significant and eight of those occurring 
between the Mandurah Channel and the basins (Table 3.6). The greatest regionality in 
2008/09 occurred in autumn (Global R = 0.460), with the composition in the Mandurah 
Channel differing from those in each of the other regions (R = 0.296-0.896) and 
differing also between the Eastern and Western Peel (R = 0.667). These trends are seen 
on the nMDS ordination plot for autumn 2008/09, with the points for the Mandurah 
Channel forming a distinct group from those of the other regions, and with those for the 
Eastern and Western Peel each lying in different areas of the plot (Fig. 3.5g). 
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Table 3.5. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for the 
three-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed from 
the fish abundances recorded using a (a) 21.5 m and (b) 102.5 m seine net in the five 
regions of the Peel-Harvey Estuary in each season in the two consecutive years between 
winter 2008 and autumn 2010. df = degrees of freedom. Significant results are 
highlighted in bold. 
 
  
(a) 21.5 m 
 
(b) 102.5 m 
Main effects df MS pF P  MS pF P 
Year 1 7212 3.3 0.002  7708 3.5 0.001 
Season 3 11210 5.2 0.001  9417 4.3 0.001 
Region 4 8785 4.1 0.001  12217 5.5 0.001 
Interactions         
Year × Season 3 2891 1.3 0.076  3018 1.4 0.052 
Year × Region 4 2575 1.2 0.160  2496 1.1 0.221 
Season × Region 12 3403 1.6 0.001  2610 1.2 0.051 
Year × Season × Region 12 2795 1.3 0.011  1840 0.8 0.952 
Residuals 154 2168    2208   
  
 In autumn 2009/10, the composition in the Western Peel differed from those in 
the Mandurah Channel, Northern Harvey and Southern Harvey (Table 3.6; Fig. 3.5h). In 
both years, the faunas in the channel comprised greater numbers of H. vittatus, 
A. vaigiensis, A. elongata and F. lateralis, while the Western Peel and Northern Harvey 
contained greater densities of O. rueppellii and Haletta semifasciata, and the Southern 
Harvey was characterized by T. pleurogramma. In addition, L. presbyteroides was 
caught in consistently greater numbers in the Southern Harvey and a greater abundance 
of Scobinichthys granulatus further typified faunas in the Western Peel. 
 While the ichthyofaunal composition in the winter of 2008/09 did not differ 
among regions (P > 0.05), the compositions of the faunas in winter 2009/10 differed 
significantly between the Northern Harvey and both the Eastern and Western Peel, and 
between the Southern Harvey and both Western Peel and Mandurah Channel 
(R = 0.521-0.573; Table 3.6). On the ordination plot for winter 2009/10, compositions 
in the Eastern and Western Peel formed subtle groups and were relatively distinct from 
those of the Northern Harvey (Fig. 3.5b). In general, the abundances of F. lateralis, 
C. mugiloides and A. elongata were greater in the Northern Harvey, while
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Table 3.6. One-way ANOSIM R-statistic values and significance levels (P), derived 
from the catches of the various fish species using the 21.5 m seine net in the five 
regions of the Peel-Harvey Estuary in each season over the two consecutive years 
between the winter of 2008 and the autumn of 2010. Significant results are shaded in 
grey. In this Table and Table 3.8, regions are abbreviated as Mandurah Channel, MC; 
Eastern Peel, EP; Western Peel, WP; Northern Harvey, NH, and Southern Harvey, SH. 
 
Winter            
2008/09      0.135, 0.073  2009/10   0.327, 0.001  
 
PE WP NH SH   PE WP NH SH 
WP 0.111     WP 0.208    
NH 0.593 0.074    NH 0.573 0.563   
SH 0.370 -0.111 0.074   SH -0.005 0.563 0.510  
MC 0.222 0.037 0.259 0.185  MC 0.219 0.125 0.375 0.521 
 
  
   
 
Spring             
2008/09      0.233, 0.003   2009/10   0.327, 0.001  
 
EP WP NH SH   EP WP NH SH 
WP -0.125     WP 0.146    
NH 0.229 0.094    NH 0.302 0.031   
SH 0.063 0.125 0.354   SH -0.031 0.198 0.323  
MC 0.417 0.354 0.375 0.385  MC 0.385 0.354 0.229 0.208 
       
Summer         
2008/09   0.197, 0.008   2009/10   0.133, 0.059  
 
EP WP NH SH  
 
EP WP NH SH 
WP 0.260   
 
 WP -0.052    
NH -0.094 -0.010  
 
 NH 0.490 0.010   
SH 0.021 0.552 -0.073 
 
 SH 0.563 0.094 -0.146  
MC 0.250 0.500 0.042 0.385  MC -0.042 -0.042 0.156 0.260 
      
Autumn       
2008/09   0.460, 0.001    2009/10   0.178, 0.024   
 
EP WP NH SH  
 
EP WP NH SH 
WP 0.667     WP 0.026    
NH 0.302 0.021    NH 0.167 0.833   
SH 0.094 0.667 0.292   SH -0.042 0.281 0.229  
MC 0.396 0.896 0.510 0.792  MC 0.089 0.365 0.115 0.083 
 
T. pleurogramma was more abundant in the Eastern Peel, Western Peel and Southern 
Harvey.  
 Although, in spring, differences were detected between the compositions in the 
Northern and Southern Harvey in 2008/09 (R = 0.354; Table 3.6) and between the 
Mandurah Channel and Eastern Peel in 2009/10 (R = 0.385), the points for each of these 
regions showed no clear tendency to form distinct groups on the ordination plots 
(Fig. 3.5c, d). Greater numbers of marine species were caught in the Northern Harvey 
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Figure 3.5. nMDS ordination plots, constructed from Bray-Curtis similarity matrices, 
derived from the mean abundances of the various fish species caught using the 21.5 m 
seine net in the five regions of the Peel-Harvey Estuary during winter (a, b), spring 
(c, d), summer (e, f) and autumn (g, h) in 2008/09 (a, c, e, g) and 2009/10 (b, d, f, h).  
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and Mandurah Channel than in the Eastern Peel and Southern Harvey, and particularly 
of Gymnapistes marmoratus, Stigmatophora argus and H. semifasciata in 2008/09 and 
H. vittatus and A. forsteri in 2009/10.  
 In the summer of 2008/09, the points for the Western Peel formed a tight group 
on the ordination plot (Fig. 3.5e) and the composition differed significantly from those 
in the Eastern Peel (R = 0.260) and Mandurah Channel (0.500), the points for which 
were widely dispersed on that plot. Higher numbers of Sillaginodes punctatus and 
F. lateralis characterized fauna in the Western Peel, while Pseudogobius olorum, 
H. semifasciata and Pelates octolineatus were caught in greater numbers in the channel 
and H. vittatus in the Eastern Peel. No regional differences were detected in the summer 
of 2009/10 (P > 0.05).  
 Results of the one-way ANOSIM tests, employing data from catches using the 
102.5 m seine net, yielded low Global R-statistic values for region and season, with 
those for region being the highest at only 0.186 (Table 3.7). The compositions of the 
fish faunas differed significantly between all regions, apart from for the Eastern Peel vs 
Southern Harvey (P > 0.05), but the R-statistic values were usually low. The difference 
was greatest for the compositions in the Mandurah Channel vs those in the Southern 
Harvey and Eastern Peel (R = 0.312 and 0.279, respectively; Table 3.7). These 
differences are reflected on the MDS ordination plot for region (Fig. 3.6a), where the 
points representing the samples from the Mandurah Channel formed a discrete group 
and were clearly distinct from those of the Southern Harvey and Eastern Peel. The 
regional differences in compositions were attributable to greater numbers of 
T. pleurogramma, L. presbyteroides, F. lateralis and O. rueppellii in the Southern 
Harvey and Eastern Peel, while H. vittatus and A. forsteri were consistently more 
abundant in the channel (Table 3.8). 
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Table 3.7. One-way crossed year, season and region ANOSIM R-statistic values and 
significance levels (P) for the fish assemblage data recorded using the 102.5 m seine net 
in each region of the Peel-Harvey Estuary in each season over two consecutive years 
between winter 2008 and autumn 2010. Significant results are shaded in grey. 
 
Region, Global R = 0.186, P = 0.001  
 
Eastern Peel Western Peel Northern Harvey Southern Harvey 
Western Peel 0.113 
  
 
Northern Harvey 0.140 0.048 
 
 
Southern Harvey 0.034 0.242 0.247  
Mandurah Channel 0.279 0.217 0.250 0.312 
     
Season, Global R = 0.109, P = 0.001 
 
 
 
Winter Spring Summer  
Spring 0.055 
 
  
Summer 0.155 0.067   
Autumn 0.201 0.142 0.048  
     Year, Global R = 0.135, P = 0.073 
 
 
  
 
 
Figure 3.6. nMDS ordination plots, constructed from a distance among centroids matrix 
derived from the abundance of the various fish species caught seasonally in the five 
regions of the Peel-Harvey Estuary using the 102.5 m seine net in 2008/09 and 2009/10. 
Data coded for (a) region, (b) season and (c) year.  
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 The small difference between the compositions in the Western Peel and 
Northern Harvey reflected the fact that they were each characterised by the same 
species, i.e. T. pleurogramma, L. presbyteroides, F. lateralis, O. rueppellii and 
G. marmoratus. Given the low Global R-statistic values for year (0.040) and season 
(0.109) and the lack of grouping on the relevant ordination plots (Fig. 3.6c, b), the 
influence of these factors did not warrant further investigation. 
 
 
 
Table 3.8. Species that consistently typified (shaded) and distinguished (un-shaded) the 
samples collected using the 102.5 m seine net in the nearshore waters of the 
Peel-Harvey Estuary in each region as detected by SIMPER. The period in which each 
species was most abundant is given in superscript for the pairwise comparisons. 
Asterisks denote the relative consistency of each species in either typifying or 
distinguishing the faunal compositions in each region, as measured by the similarity to 
standard deviation ratio and dissimilarity to standard deviation ratio, respectively; 
1.0-1.5*, 1.5-2.0**, 2.0-2.5***, > 2.5**** . Diagonal lines represent insignificant pairwise 
comparisons. 
 
 MC EP WP NH SH 
MC 
T. pleurogramma * 
H. vittatus 
F. lateralis 
A. forsteri 
G. marmoratus 
    
EP 
T. pleurogramma *EP 
H. vittatus MC 
F. lateralis EP 
L. presbyteroides EP 
O. rueppellii EP 
T. pleurogramma ** 
F. lateralis * 
L. presbyteroides 
O. rueppellii 
P. olorum 
   
WP 
H. vittatus MC 
L. presbyteroides WP 
F. lateralis *WP 
O. rueppellii *WP 
G. marmoratus WP 
T. pleurogramma *EP 
S. punctatus WP 
P. olorum  EP 
G. marmoratus WP 
T. pleurogramma ** 
F. lateralis * 
L. presbyteroides 
O. rueppellii 
G. marmoratus 
  
NH 
T. pleurogramma*NH 
H. vittatus MC 
O. rueppellii *NH 
G. marmoratus *NH 
F. lateralis *NH 
L. presbyteroides NH 
T. pleurogramma*EP 
O. rueppellii *NH 
G. marmoratus *NH 
P. octolineatus NH 
H. semifasciata NH 
G. marmoratus *NH 
O. rueppellii *NH 
T. pleurogramma *NH 
H. semifasciata NH 
P. octolineatus NH 
 
T. pleurogramma * 
F. lateralis * 
G. marmoratus * 
O. rueppellii  
L. presbyteroides 
 
SH 
T. pleurogramma *SH 
L. presbyteroides SH 
H. vittatus MC 
F. lateralis SH 
A. forsteri MC 
 
T. pleurogramma *SH 
F. lateralis*WP 
G. marmoratus*WP 
S. punctatus WP 
O. rueppellii *WP 
T. pleurogramma *SH 
G. marmoratus*NH 
F. lateralis *NH 
O. rueppellii *NH 
P. octolineatus NH 
T. pleurogramma ** 
L. presbyteroides 
F. lateralis 
A. elongata 
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3.4 Discussion 
3.4.1 Contributions of fish species and life-cycle guilds 
 The use of the 21.5 and 102.5 m seine nets demonstrated that the fish in the 
nearshore waters of the Peel-Harvey Estuary consisted mainly of small species, 
including three species of atherinid, i.e. Atherinosoma elongata, Leptatherina 
presbyteroides and Craterocephalus mugiloides, the clupeid Hyperlophus vittatus, the 
apogonid Ostorhinchus rueppellii, together with a larger species, the tetraodontid 
Torquigener pleurogramma. Although the suite of species caught by the 21.5 and 
102.5 m seine nets were similar, the relative contributions of the various species taken 
by those nets differed. One large species, i.e. T. pleurogramma (̅ = 125 mm TL), made 
a very substantial contribution (31 %) to the numbers of fish caught by the 102.5 m net, 
a percentage that was even greater in terms of biomass (1.04 tonnes), while two smaller 
species, i.e. A. elongata (̅ = 41 mm TL) and H. vittatus (̅ = 35 mm TL) comprised 
approximately half of the total catch using the 21.5 m net. This presumably reflects 
differences in gear selectivity resulting from differences in the mesh sizes of the 
102.5 and 21.5 m nets, i.e. 9.5 and 25.4 mm in the wing vs 3 and 9 mm in the bunt, 
respectively. 
 The contributions to the total number of species by marine teleosts, i.e. those 
that occur irregularly in small numbers (marine stragglers) and those which enter 
estuaries in large numbers and typically as juveniles (marine estuarine-opportunists), 
were similar for each net (c. 70 %) and were over twice that recorded collectively for 
estuarine & marine and solely estuarine species (i.e. 30 %). These contributions are 
similar to those recorded for other permanently-open systems in south-western 
Australia, such as the Leschenault Estuary (see Chapter 2) and the Swan-Canning 
(Loneragan et al., 1989) and Blackwood River estuaries (Valesini et al., 1997).  
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 While the catches obtained using the 102.5 m seine net comprised relatively 
greater abundances of marine species (58 %) than of solely estuarine or estuarine & 
marine species (which comprised 42 % collectively), the latter two groups together 
(63 %) were over twice as abundant as marine fishes (37 %) in the case of the 21.5 m 
net, which was largely attributable to the dominance of two estuarine residents, 
A. elongata and C. mugiloides. The latter situation parallels that with the use of the 
21.5 m seine net throughout the Leschenault Estuary in 2008-10, in which the estuarine 
residents, comprising particularly A. elongata and C. mugiloides, accounted for c. 50 % 
of the total catch (see Chapter 2). However, in the Peel-Harvey Estuary in 1996-97, 
estuarine residents comprised only 13.6 % of the total number of individuals caught 
using the 21.5 m net, reflecting not only an increase in their actual numbers but also an 
increase in the immigration of marine species (Young & Potter, 2003a).  
 
3.4.2 Numbers of species, density and the Shannon-Wiener index  
 The 46 species caught using the smaller net in the five regions of the 
Peel-Harvey Estuary in 2008-10 is slightly greater than the 42 species recorded during 
concomitant sampling with the same net in the Leschenault Estuary (See Chapter 2). 
The number of species recorded was even greater (56) when using the 102.5 m net. 
Permanently-open systems such as the Peel-Harvey Estuary typically support a greater 
number of species and diversity of fishes than is the case with systems that are open to 
the ocean, either intermittently or seasonally, or are normally-closed (Bennett, 1989; 
Potter & Hyndes, 1994; Young et al., 1997; Cowley & Whitfield, 2001; Chuwen et al. 
2009b; Hoeksema et al., 2009). In this context, it is also relevant that tidal exchange 
between the Peel-Harvey Estuary and the ocean has increased markedly since the 
opening of a second artificial entrance channel. Indeed, following the opening of the 
Dawesville Channel, the number of species recorded using the 102.5 m net increased 
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from 39 in 1980-81 to 47 in 1996-97 (Young & Potter, 2003a). These comparisons are 
discussed in more detail in Chapter 4.  
 As hypothesized, the total number of species and the Shannon-Wiener index 
values were highest in regions receiving the greatest marine influence, i.e the Mandurah 
Channel, Northern Harvey and Western Peel, largely reflecting the presence of more 
marine teleosts. This parallels the situation found in other systems of south-western 
Australia, including the Leschenault (see Chapter 2) and Swan-Canning estuaries 
(Loneragan et al., 1989), as well as in systems in other parts of the world (Marais, 1988; 
Thiel & Potter, 2001; Mbande et al., 2005). The closer proximity of the Mandurah 
Channel, Northern Harvey and Western Peel to the ocean and the more consistent 
salinities throughout the year than in other parts of the estuary would provide an 
environment that is particularly suitable for marine species. Furthermore, the greater 
biomass of seagrass and macroalgae in the northern areas of the Harvey Estuary and 
around the Dawesville and Mandurah entrance channels (Pedretti et al., 2011) may have 
also contributed to the greater numbers of species in these regions. This is consistent 
with numerous other studies in Australia and elsewhere, which demonstrate that species 
richness and fish abundance are typically greater in areas containing seagrass than in 
adjacent, unvegetated habitats (Bell & Pollard, 1989; Jenkins et al., 1997; Valesini 
et al., 1997; Whitfield, 1999; Guidetti, 2000; Bloomfield & Gillanders, 2005).  
 Total numbers of species and the values for Shannon-Wiener index generally 
peaked during summer, reflecting the seasonal migration of marine 
estuarine-opportunists into the estuary following spawning, together with the 
immigration of marine stragglers from nearby marine waters when salinities were close 
to full strength sea water, i.e. 35.  Relatively fewer species were recorded in the Eastern 
Peel and Southern Harvey, presumably due to the wider range of salinities in these 
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regions and/or their greater distances from the entrance channels, both of which would 
reduce the occurrence of particularly stenohaline species such as marine stragglers. 
 The greater densities of fish derived from data obtained using the 21.5 m net 
(328 fish 100 m-2) than the 102.5 m seine (43 fish 100 m-2) presumably reflects the 
influence on catchability of the smaller mesh sizes of the 21.5 m net. These differences 
may also be related to the fact that the 21.5 m net was generally employed in waters 
slightly closer to the shoreline than the 102.5 m net, which may have supported a 
greater density of fish. The density derived from the 21.5 m net samples was far higher 
than that recorded during concomitant sampling throughout the Leschenault Estuary 
using the same net (i.e. 118 fish 100 m-2; see Chapter 2), which may reflect a greater 
amount of macroalgae and seagrass in the Peel-Harvey Estuary (Pedretti et al., 2011).  
 On the basis of data from samples collected by the 21.5 m net, the densities of 
fish were highest in summer, reflecting the recruitment of large numbers of juvenile 
H. vittatus from nearby marine waters following their spawning between late autumn 
and early spring (Gaughan et al., 1996a, b). Thus, given that in south-western Australia, 
H. vittatus reach sexual maturity at 65–76 mm TL (Gaughan et al., 1996b), the large 
numbers of individuals caught throughout the estuary in summer, with total lengths 
(TL) of 25–49 mm (̅ = 34 mm) represent new 0+ recruits, which grew to 32–61 mm 
(̅ = 42 mm) in autumn. The particularly high densities in the Northern Harvey are 
likely to reflect the fact that the short and deep Dawesville Channel provides immediate 
accessibility to H. vittatus recruiting into the estuary from nearby marine waters. 
 The densities of fish recorded using data from the 102.5 m net samples showed 
less consistent seasonal trends, with high densities of A. elongata, Atherinomorus 
vaigiensis and C. mugiloides in winter and large numbers of O. rueppellii in autumn 
accounting for each of the peaks in the Northern Harvey. Like many estuarine species, 
A. elongata, C. mugiloides and O. rueppellii spawn predominantly in late spring and 
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summer (Prince & Potter, 1983; Chrystal et al., 1985) when, due to the negligible 
freshwater input, environmental conditions in the basins of the estuary are generally 
most stable and thus conducive to spawning (Potter & Hyndes, 1999). In the 
Peel-Harvey Estuary and other systems of south-western Australia, such as the 
Swan-Canning, O. rueppellii spawns in the shallows of the lower and middle regions in 
late spring, which accounts for the presence of large numbers of 0+ and older fish in 
nearshore waters during late summer to early autumn (Potter et al., 1983b; Chrystal 
et al., 1985; Loneragan et al., 1989). While many estuarine-spawning species produce 
adhesive eggs which minimize the likelihood that they will be flushed out of the estuary 
during atypical flow events (Potter & Hyndes, 1999), the spawning success of O. 
rueppellii is enhanced by the protection provided to the eggs by their oral brooding 
males (Chrystal et al., 1985). The high densities of A. vaigiensis, A. elongata and 
C. mugiloides in the Northern Harvey during winter may reflect their preference for 
high salinities (Thompson & Withers, 1992; Young & Potter, 2002; 2003; Hoeksema & 
Potter, 2006; Valesini et al., 2011), since these waters were typically more saline 
(i.e. 30-34) than those of the other basin regions (21-30) at this time. Furthermore, as 
salinities were particularly low (21) in the Southern Harvey in winter of 2008, due to an 
influx of substantial freshwater discharge from the Harvey River, large numbers of 
these species may have been flushed into the Northern Harvey.  
 
3.4.3 Regional and seasonal differences in fish compositions 
 The ordination plots (Figs. 3.5, 3.6) and PERMANOVA results (Table 3.5) 
emphasize that, irrespective of whether the samples were obtained using the 21.5 or 
102.5 m seine net, the compositions of the fish faunas throughout the Peel-Harvey 
Estuary in the seasons between winter 2008 and autumn 2010 differed significantly 
between years and among seasons and regions. There was, however, no interaction 
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between these three factors in the case of the 102.5 m net and the ANOSIM tests 
showed that ichthyofaunal composition was related most to region. This finding 
parallels that recorded using the same net in 1980-81 and thus prior to the opening of 
the Dawesville Channel (Young & Potter, 2003a), when the fish faunas were strongly 
influenced by region. This was largely attributable to the marked differences between 
the environmental conditions in different regions of the estuary, i.e. the Peel Inlet 
contained massive amounts of macroalgae while the Harvey Estuary was plagued by 
toxic blooms of the cyanobacterium  Nodularia (Lenanton et al., 1985). The shift in the 
ichthyofauna composition to become driven more by season than by region in 1996-97, 
i.e. soon after the opening of the Dawesville Channel, was considered to reflect, 1) the 
tendency for more marine species to enter the estuary and often seasonally, 2) less 
pronounced differences between the salinities in different regions, and 3) a reduction in 
micro- and macro- algae throughout the estuary such that the differences between the 
extent of the growths of these algae among regions is less pronounced (Young & Potter, 
2003a). The greater regional than seasonal differences in the compositions of the fish 
fauna in 2008-10, as derived from samples obtained using the 102.5 m net, may 
therefore relate to the fact that the biomass of macroalgae and seagrass has increased by 
90 % in the Harvey Estuary since 1996-99 (Pedretti et al., 2011). The relative influence 
of season and region on the compositions of the fish fauna in 2008-10 compared with 
that detected in previous studies is discussed in further detail in Chapter 4. 
 The composition of the fish faunas recorded using each seine net differed most 
among regions in the case of the Mandurah Channel vs those in each of the four basin 
regions. These differences were largely driven by far higher densities of H. vittatus in 
the Mandurah Channel, with c. 43 and 92 % of the individuals of this species being 
caught in this region by the 21.5 and 102.5 m net, respectively. This parallels the 
situation found during concomitant sampling in the Leschenault Estuary, where 
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H. vittatus was most abundant in the nearshore waters closest to the entrance channel 
(See Chapter 2). The overall higher prevalence of H. vittatus in the natural Mandurah 
Channel presumably reflects their preference for high salinities and sandy substrates 
(Gaughan et al., 1996a), which typically characterize these nearshore waters (Valesini 
et al., 2011). Furthermore, the high densities of H. vittatus in this essentially marine 
region of the estuary in autumn coincides with their seasonal emigration into nearby 
marine waters prior to the onset of spawning between late autumn and winter (Gaughan 
et al., 1996a).  
 The composition of the fish faunas in the Northern Harvey and Western Peel 
differed from those in the Eastern Peel and Southern Harvey due to a far greater 
prevalence of marine species, such as Gymnapistes marmoratus, Haletta semifasciata, 
Sillaginodes punctatus and Pelates octolineatus, in the former two regions. Therefore, 
as hypothesized, the spatial differences in composition were greatest between those 
regions closest to (i.e. Mandurah Channel, Northern Harvey and Western Peel) and 
furthest from (i.e. Eastern Peel and Southern Harvey) the marine influence of the two 
entrance channels. It is reasonable to conclude that the restricted freshwater influence 
and the relatively constant and more stable salinities found throughout the Mandurah 
Channel, Western Peel and Northern Harvey, account for the greater propensity for 
marine estuarine-opportunists and, in particular, marine stragglers to enter and remain in 
these nearshore waters. Furthermore, as the Northern Harvey and Western Peel are 
adjacent to the artificial and/or natural Mandurah entrance channel, these regions are in 
the direct path of the 0+ recruits migrating into the estuary from nearby marine waters. 
The large numbers of G. marmoratus, H. semifasciata, S. punctatus and P. octolineatus 
in these more marine-like regions also reflects the fact that these waters contain the 
greatest amounts of seagrass (Pedretti et al., 2011), since the juveniles of these species 
use these vegetated habitats as nursery areas (Grant, 1972; Edgar & Shaw, 1995a, c; 
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Hyndes et al., 1997; 1998; Valesini et al., 2004). In fact, there has been a 90 % increase 
in the biomass of both macroalgae and seagrass in areas around the Dawesville Channel 
and Northern Harvey over the last 10 years (Pedretti et al., 2011).  
 The fact that no significant difference in faunal composition was detected 
between the Eastern Peel and Southern Harvey using either net reflects the consistent 
and high abundance of T. pleurogramma, Favonigobius lateralis, A. elongata, 
L. presbyteroides and O. rueppellii in both of these regions. Thus, these species must 
possess well-developed osmoregulating mechanisms that allow them to tolerate the 
wider range of salinities and temperatures encountered in these waters (Prince et al., 
1982; Chrystal et al., 1985; Potter et al., 1988; Gill & Potter, 1993).  
  While ANOSIM detected significant seasonal differences in the compositions 
of the fish caught using the 102.5 m seine net (P < 0.05), the Global R-statistic (0.109) 
and pairwise values (0.048-0.201) were so low that this seasonal effect was not 
considered important. In general, seasonal differences recorded using the 21.5 m seine 
net were driven mainly by greater densities of certain marine and/or estuarine species at 
particular times of year, which reflected their timing of spawning and thus recruitment. 
For instance, during summer, H. vittatus was relatively more abundant in the Eastern 
Peel, presumably reflecting their typical migration from marine waters into estuaries. 
Their ability to penetrate far into the estuary near the river mouths around this time of 
year presumably relates to salinities in these regions being sufficiently high due to 
negligible freshwater input (Gaughan et al., 1990; 1996a). 
 High abundances of the marine estuarine-opportunist H. semifasciata in the 
Mandurah Channel during summer presumably represent the immigration of 0+ recruits 
(̅ = 78 mm TL) following their spawning in coastal marine waters between winter and 
spring (MacArthur & Hyndes, 2001), while adult P. octolineatus were also particularly 
abundant in the channel, which coincides with their emigration into nearby marine 
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waters to spawn (see Chapter 5). The greater densities in summer of these two species, 
which prefer vegetated habitats, may also be related to the densities and productivity of 
seagrasses typically being greatest during these months due to the presence of elevated 
salinities and greater light availability (Wilson et al., 1997b; Pedretti et al., 2011).  
 The fish faunas recorded in the Western Peel during summer were characterized 
by Sillaginodes punctatus and F. lateralis, which reflects the high salinities of these 
waters and also their high protection from the south-westerly winds that prevail in these 
warmer months, since both species prefer highly sheltered habitats (Gill & Potter, 1993; 
Hyndes et al., 1998). Furthermore, it is relevant that the Western Peel lies in the direct 
migratory path of juvenile S. punctatus recruiting into sheltered estuarine waters 
following spawning in the marine environment between May and September (Hyndes 
et al., 1998).        
 During autumn, the fish faunas in hypersaline waters of the Southern Harvey 
were typified by T. pleurogramma and L. presbyteroides, which are known to have 
strong affinities for high salinities and also for shallow waters in the case of the former 
species (Prince et al., 1982; Potter et al., 1988; Gaughan et al., 1996a). Thus, 
T. pleurogramma is relatively dominant in other south-western Australian estuaries such 
as the Swan-Canning, where it was most abundant in shallow waters with high salinities 
(Potter et al., 1988).  
 The higher prevalence of the marine species H. vittatus, A. forsteri, 
G. marmoratus, Stigmatophora argus and H. semifasciata in the Northern Harvey and 
Mandurah Channel during spring is likely to be related to the salinity being greater in 
these regions (c. 30-33) than in the Eastern Peel and Southern Harvey (c. 21-27), each 
of which receives freshwater discharge from the tributaries following winter rainfall. 
Furthermore, since these species typically spawn between autumn and spring, their high 
densities in regions nearest to the entrance channels also reflect the recruitment of 
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juveniles from the marine environment (Grant, 1972; Chubb et al., 1981; Gaughan 
et al., 1996a; Kendrick & Hyndes, 2003). Gymnapistes marmoratus, H. semifasciata 
and S. argus possess unique colouring patterns that provide excellent camouflage over 
vegetated habitats and thus make them relatively inconspicuous to predators (Grant, 
1972; Edgar & Shaw, 1995a, c; Kendrick & Hyndes, 2003). Furthermore, these habitats 
also support valuable food resources for these species (Ayvazian & Hyndes, 1995; 
Edgar & Shaw, 1995b; Valesini et al., 2004).  
  Despite the above regional and seasonal differences, the substantial effect of the 
Dawesville Channel, together with relatively low winter rainfall and thus freshwater 
discharge in the Peel-Harvey Estuary between winter 2008 and autumn of 2010, is 
reflected in the fact that fish compositions in each region were characterized by 
T. pleurogramma, F. lateralis and L. presbyteroides. While these three species ‘prefer’ 
high salinities and are normally restricted to the lower parts of south-western Australian 
estuaries near the entrance channels (Prince & Potter, 1983; Potter et al., 1988; Gill & 
Potter, 1993), the relatively consistent and high salinities (i.e. > 20) in the Peel-Harvey 
Estuary apparently enable these species to occur throughout this system for most of the 
year.    
 The relatively modest regional and/or seasonal differences in the fish fauna of 
the Peel-Harvey Estuary largely reflect the unique geomorphology of this system. 
Hence, the estuary is a combination of an ‘interbarrier’ and ‘basin’ estuary and has two 
relatively short entrance channels and multiple tributaries that are not positioned at 
opposite ends to each other. Instead, the mouth of the natural Mandurah Channel is 
situated near the lower reaches of the Serpentine and Murray Rivers, while the second 
artificial Dawesville Cut is located a considerable distance away at the junction of the 
two basins. Furthermore, the large areas occupied by the central basins, i.e. Peel Inlet 
and Harvey Estuary, tend to reduce the flushing effects of freshwater discharge from the 
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rivers (Hodgkin & Lenanton, 1981; Potter et al., 1983b). The Peel-Harvey Estuary 
therefore exhibits less pronounced salinity gradients than other permanently-open 
systems, such as the Swan-Canning Estuary, which have an essentially longitudinal 
morphology in which a single entrance channel is located at the opposite end to their 
tributaries. 
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CHAPTER 4 
Comparisons between the fish faunas of the Peel-Harvey Estuary 
in 2008-10 and the 1980s and 1990s  
 
4.1 Introduction 
The rivers and catchments of the Peel-Harvey Estuary have been extensively 
transformed through land clearing, agricultural activities, water supply reservation, 
drainage, urbanisation and, more recently, canal developments (Brearley, 2005). 
Commencing during the 1960s, particularly large quantities of nutrients started to 
accumulate in the Peel-Harvey Estuary as a result of run-off from cleared agricultural 
land and the limited amount of flushing of estuarine water through the narrow, 5 km 
long natural Mandurah Channel (McComb et al., 1981; McComb 1985; Lukatelich & 
McComb, 1986). The resultant severe eutrophication in the 1970s was reflected in the 
development of massive growths of macroalgae in especially the northern basin, 
i.e. Peel Inlet, and of very large blooms of the cyanobacterium Nodularia spumigena in 
the southern basin, i.e. Harvey Estuary, during spring and early summer (Cross, 1974; 
Hodgkin et al., 1980; McComb et al., 1981; McComb & Humphries, 1992). The dense 
macroalgal growths provided cover and a substantial source of food for fish, either 
directly or indirectly, thereby accounting for the very substantial numbers of fish that 
were present. In contrast, the toxic N. spumigena blooms resulted in mortalities of the 
benthic macroinvertebrates and less mobile fish species and the movement of mobile 
fish species out of the Harvey Estuary and into Peel Inlet (Potter et al., 1983a, b).  
The Peel-Harvey Estuary became so highly eutrophic in the early 1980s that an 
extensive engineering project was undertaken to increase the flushing of nutrients from 
the system through the construction of a second entrance channel (Hodgkin & 
Hamilton, 1993). Following the opening of the 2 km long and c. 4-6 m deep Dawesville 
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Channel in 1994, tidal exchange between the estuary and the ocean increased from 12 to 
45 % in Peel Inlet and from 8 to 63 % in the Harvey Estuary (Gilles et al., 2004; 
Brearley, 2005). The channel was successful in reducing macroalgae and, through 
increasing salinities in the Harvey Estuary in the spring, in inhibiting the growths of 
N. spumigena (McComb & Lukatelich, 1995). However, marked declines in river flows 
in more recent years have reduced, to a certain extent, the amount of nutrients flushed 
out of the system (Zammit et al., 2006). Indeed, monitoring of the water quality over the 
last five years by the Department of Water indicate that the environmental conditions of 
the rivers and basins of the Peel-Harvey Estuary are deteriorating, with total phosphorus 
and nitrogen loads at many sites, being over twice the target levels set by ANZECC 
(EPA, 2008; PHCC, 2011). It is also noteworthy that, a comparison of the 
characteristics of the benthic macroinvertebrate community in the early 2000s with 
those of the late 1980s indicated that, despite the increased flushing brought about by 
the construction of the Dawesville Channel, the quality of the benthic environment had, 
by the early 2000s, unexpectedly deteriorated to a level below that which existed even 
during the height of eutrophication 30 years earlier. This deterioration was considered to 
reflect, at least in part, the multiple deleterious effects produced, between the two 
periods, by marked increases in the surrounding population and tourism and associated 
activities (Wildsmith et al., 2009; Tweedley et al., 2012). 
During the last three decades, the Peel-Harvey Estuary has been the focus of 
many studies, including those of its fish and crustacean faunas (Potter et al., 1983a, b, 
1989, 1991; Loneragan et al., 1986; de Lestang et al., 2003; Young & Potter, 2003a), 
macroalgal and seagrass biomass (Hodgkin et al., 1980; Wilson et al., 1997a, b; Lavery 
et al., 1999; Pedretti et al., 2011) and nutrient levels, with the latter studies extending 
into the catchments (Birch, 1982; McComb & Humphries, 1992; Hodgkin & Hamilton, 
1993; Gerritse et al., 1998; Summers et al., 1999). Comparisons of the fish assemblages 
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before (1980-80) and after (1996-97) the construction of the Dawesville Channel 
demonstrate that, although the opening provided by this channel led to an increase in the 
overall number of marine species recorded, the mean species richness in three of the 
four seasons declined, which may reflect a reduction in benthic heterogeneity due, in 
part, to marked reductions in macroalgae growth (Young & Potter, 2003a).  
Marked increases in water movements into and out of the estuary during each 
tidal cycle were accompanied by conspicuous cyclical changes in the compositions of 
the fish fauna during the year, with the result that that composition became influenced 
more by season than by region (Young & Potter, 2003a, b). These seasonal changes 
were driven mainly by the immigration and emigration of marine species at particular 
times of the year, thereby paralleling the situation in macrotidal estuaries of the 
northern-hemisphere, such as those of the Severn and Elbe rivers (Claridge et al., 1986; 
Potter et al., 1997a; Thiel & Potter, 2001).  
The presence of massive macroalgal growths in the Peel-Harvey Estuary in the 
1980s was reflected in the fish fauna being dominated by two weed-associated species, 
the Western Striped Grunter Pelates octolineatus and the Western Gobbleguts 
Ostorhinchus rueppellii (Potter et al., 1983a, b; Loneragan et al., 1986, Potter & 
Hyndes, 1999). In 1996 to 1999, and thus following the opening of the Dawesville Cut, 
there were subsequent marked reductions in macroalgal biomass (Wilson et al., 1999) 
and a decline in the overall densities of fish, and particularly those of the above two 
species (Young & Potter, 2003a). A survey by Pedretti et al. (2011) in 2009 found that 
since 1996-99 the biomass of seagrass has increased markedly in extensive areas in the 
vicinity of the Dawesville Channel that extended well southwards into the Northern 
Harvey Estuary and northwards into the western regions of the Peel Inlet.   
At present, more than half of the world’s population live within 60 km of the 
coast and this is predicted to rise to 75 % by 2025 (Roberts & Hawkins, 1999). In the 
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case of the Peel-Harvey Estuary in south-western Australia, the continuing expansion of 
the human population in surrounding regions will inevitably place further stress on this 
highly modified microtidal estuary.  
The city of Mandurah, located at the natural entrance of the estuary, is one of the 
largest and most rapidly expanding cities in Australia (City of Mandurah, 2013). Indeed, 
the current population in the Peel-Harvey region is already four times greater than when 
the Dawesville Channel was opened in 1994 (Rogers et al., 2010). Since the population 
of Mandurah is expected to increase from c. 75,000 now to c. 130,000 by 2026 
(Mulholland & Piscicelli, 2012), an understanding of the environmental impacts 
associated with increased urbanisation in this region, including the greater use of the 
waterway, will be crucial for developing plans for managing this important system. For 
example, the recent approval of a 275 hectare housing development at Point Grey, 
opposite the Dawesville Channel, will be accompanied by extensive dredging to 
facilitate the construction of a wide boating channel, and these collectively will have 
serious ecological implications and particularly for the benthic environment (EPA, 
2011).  
 In addition to effects arising from increased urbanization, the estuaries in 
south-western Australia are expected to experience further reductions in freshwater flow 
as a result of declining rainfall. Indeed, the annual rainfall in the region has declined by 
around 15 per cent since the mid-1970s and freshwater inflow into Perth dams halved 
between 2001 and 2010 (Hobday et al., 2008). Continued declines in freshwater 
discharge will lead to changes in salinity and/or the degree to which nutrients are 
flushed from these systems (Gillanders et al., 2011). Furthermore, freshwater discharge 
can act as an important migratory trigger for many marine opportunistic species 
(Whitfield, 2005). Thus, these changes are likely to influence the migrations, 
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distributions and abundances of both marine and estuarine teleosts and therefore result 
in overall shifts in species composition (Hobday et al., 2006; Meynecke et al., 2006).   
 The aim of this chapter is to compare the species richness, densities and 
compositions of the fish faunas in nearshore, shallow waters of the Peel-Harvey Estuary 
in 2008-10 with those derived from data obtained using comparable sampling methods 
in 1980-1981 (Potter et al., 1983a, b; Loneragan et al, 1986) and 1996-1997 (Young & 
Potter, 2003a, b). Particular emphasis has been placed on elucidating the ways in which 
the species richness, densities, diversity and species composition have responded to the 
following changes to the Peel-Harvey Estuary over the last 30 years. (1) The change 
from this system being highly eutrophic, with the ‘plant’ material dominated by 
macroalgae (1980-81), to one in which eutrophication was greatly reduced (1996-97) 
and then to one in which both macroalgae and seagrass had increased (2008-10). 
(2) The marked increases in tidal water movements and thus salinity gradients brought 
about by the opening of the Dawesville Channel in 1994 and, more recently, further 
modifications to the salinity regimes as a result of reductions in freshwater discharge.  
 
4.2 Material and Methods 
4.2.1 Sampling of the ichthyofaunas 
 Four sites in nearshore, shallow waters in the Mandurah Channel, Eastern Peel, 
Western Peel, Northern Harvey and Southern Harvey of the Peel-Harvey Estuary were 
sampled in each season between winter (July) 2008 and autumn (April) 2010 using both 
a 102.5 and 21.5 m seine net. These sites included the one or two sites that were 
previously sampled seasonally using the 102.5 m seine net between the summer of 1980 
and spring of 1981 (Loneragan et al., 1986) and the three sites sampled seasonally using 
both the 102.5 and 21.5 m seine nets between the summer of 1996 and spring of 1997 
Young & Potter, 2003a, b; Fig. 4.1). Sampling was thus conducted in eight consecutive  
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Figure 4.1. Map showing the four nearshore sites in each of the five regions of the 
Peel-Harvey Estuary, i.e. the Mandurah Channel, Eastern Peel, Western Peel, Northern 
Harvey and Southern Harvey, that were sampled using a 21.5 m and 102.5 m seine net 
between the Austral autumn of 2008 and the Austral winter of 2010. Black circles 
within squares represent sites sampled previously in 1980-1981, black circles are 
additional sites sampled in 1996-1997 and yellow circles represent additional sites 
sampled in 2008-2010.  
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seasons during a period in each of the three consecutive decades with the 102.5 m seine  
net, i.e. 1980-81, 1996-97 and 2008-10, and during the last two of those periods using 
the 21.5 m seine net. The dimensions of both the 102.5 and 21.5 m nets employed were 
the same in the previous fish studies undertaken in this estuary (see Chapters 2.2.2 and 
3.2.2 for net dimensions) and the biotic and environmental data were calculated and 
recorded as per the description in Chapter 2.2.2. 
 
4.2.2 Univariate analyses of environmental and biotic variables 
 The following univariate and multivariate statistical analyses were used to 
elucidate whether the environmental and biotic variables varied among periods, noting 
that the influence of season and region has already been explored (see Loneragan et al., 
1986; Young & Potter, 2003a, b; Chapter 3). For analyses involving the environmental 
data, separate Euclidean distance matrices were constructed from the mean salinity and 
mean water temperature in each of the five regions in each of the eight consecutive 
seasons in 1980 and 1981, 1996 and 1997 and 2008/09 and 2009/10. Comparable 
matrices were constructed, again using mean data, for the number of species, density 
(fish 100 m-2) and Shannon-Wiener index (Shannon, 1948) in each of the above three 
periods, derived from data collected using the 102.5 m seine net samples and, in the 
latter two periods, from data obtained using the 21.5 m seine net samples. Matrices for 
the two environmental and for the six biotic variables (three for each net) were each 
subjected to a four-way PERMANOVA design. For the environmental data and the 
biotic data derived from the 102.5 m seine net samples, this design comprised periods 
(three levels), years (six levels), seasons (four levels) and regions (five levels), with all 
factors considered fixed apart from year, which was random and nested within period. 
The same design was applied to the biotic data derived from the 21.5 m seine net, 
except that period was represented by two levels and years were represented by four  
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levels.  
Prior to undertaking PERMANOVA, salinities were square-root transformed, 
while water temperature and the densities of fish derived from data from each net were 
loge(X+1) transformed and the number of species and the Shannon-Wiener index did 
not require transformation (see Chapter 2.2.2). In all PERMANOVA tests, the null 
hypothesis of no significant differences among a priori groups was rejected if the 
significance level (P) was < 0.05. The basis for any significant differences between 
a priori groups was explored using plots of the marginal means and 95 % confidence 
intervals for each dependent variable. 
 
4.2.3 Multivariate analyses of ichthyofaunal compositions 
The numbers of each fish species collected by the 102.5 m seine net in each of 
the five regions of the Peel-Harvey Estuary in each season in each of the two years in 
1980-81, 1996-97 and 2008-10 and for the latter two periods using the 21.5 m seine net 
were meaned and dispersion weighted (see Chapter 2.2.2. for rationale). The 
transformed data for each net were then used to construct separate Bray-Curtis 
similarity matrices. Each matrix was subjected to the same four-way PERMANOVA 
design as described above.  A series of two-way crossed ANOSIM tests, employing the 
above matrix, were conducted to examine the relative influence of each factor vs the 
other factors combined (i.e. flattened factors).  
As PERMANOVA detected a strong interaction between period and region for 
the fish compositions recorded using both the 102.5 and 21.5 m seine nets (see Chapter 
4.3.4), separate Bray-Curtis similarity matrices were constructed from the mean 
numbers of the various fish species caught seasonally by each net in each of the five 
regions of the estuary in 1980-81, 1996-97 and 2008-10. Each of the five matrices 
was then subjected to a two-way crossed ANOSIM involving period × season. 
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The relative influence of both season and region on the faunal compositions in 
each of the three periods was compared using a series of separate one-way ANOSIM 
tests, employing data derived from the samples obtained using the 102.5 m seine net in 
each region in each season during the three separate periods. 
Non-metric Multidimensional Scaling (nMDS) ordination plots were constructed 
to visualise the extent to which fish faunal composition differed between a priori groups 
and the basis for any interactions between factors that were identified by 
PERMANOVA. In some cases, centroid nMDS ordination plots were found to provide 
a better basis for visualising the reasons for significant interactions. These were 
constructed by calculating the distances between each pair of group centroids, i.e. an 
average, in the ‘Bray-Curtis space’, of the compositions of replicate samples within 
each group (Anderson et al., 2008; Lek et al., 2011). Thus, these plots display low 
dimensional approximations of the pattern of group centroids in the full-dimensional 
space, were used to explain the basis for significant interactions. When significant 
differences were present among a priori groups, SIMPER analysis was undertaken to 
identify the species which typified each a priori group and distinguished between those 
groups (see Chapter 2.2.4). Multivariate dispersion (MVDISP) was also employed to 
ascertain the degree to which the samples in a priori groups were dispersed (Somerfield 
& Clarke 1997). 
 
4.3 Results 
4.3.1 Environmental conditions 
 Rainfall and resultant freshwater discharge in the catchment of the Peel-Harvey 
Estuary is highly seasonal (Fig. 4.2). In 1980, maximum freshwater discharge was 
c. 20 m3s-1 and thus one-third of that in 1981 and the value of 28 m3s-1 in 1997 was 
almost one quarter of that in 1996, i.e. 105 m3s-1. Freshwater discharges into the estuary 
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were similar in 2008 and 2009 at c. 45 m3 s-1, but far lower than in 2010, i.e. c. 10 m3 s-1 
(Fig 4.2). Freshwater discharge followed a similar seasonal trend to rainfall, but tended 
to peak slightly later, due to the heavy rains initially being absorbed by the dry soils of 
the catchment and thus taking time for water to drain into the tributaries and eventually 
into the basins. Based on the years studied in each period, average local rainfall declined 
progressively from 98 to 88 m3 s-1 between 1980-81 and 1996-97 and then to 67 m3 s-1 
in 2008-10.  
 Four-way PERMANOVA showed that salinity differed significantly among 
seasons, regions and years nested within period and between certain of the two-way  
interactions and the period × season × region interaction (Table 4.1). Mean salinity 
underwent pronounced seasonal changes in each period, peaking in summer and autumn 
and declining to a minimum in winter and spring (Fig. 4.3). The extent of the seasonal 
changes varied, however, with region and year. Thus, the regional variation in any 
season was far greater in 1980-81 than in the two later periods and the minimum 
salinities (i.e. in winter or spring) were far lower in 1980, 1981 and 1996 than in 1997, 
2008/9 and 2009/10. The far lower minima in the winter of 1996 (2) than in the winter 
of 1997 (22), reflects the far higher rainfall and thus freshwater discharge in the estuary 
in the former year (Figs 4.2, 4.3). Mean salinities in 2008-10 were far more consistent 
across the whole estuary, particularly in 2009/10, and never fell below 20.   
Salinities declined along a gradient within the estuary, with those in the 
Mandurah Channel being most consistent and often highest, where they ranged from 24 
to 37, compared with the Southern Harvey where they ranged from 3 to 45. Water 
temperature was significantly related to season and year (period) and the two-way 
interaction between these terms, with season being by far the most important 
(Table 4.1). Water temperature exhibited pronounced seasonal changes, declining from 
a maximum in summer to a minimum in winter and rising in spring (Fig. 4.4).  
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Figure 4.2. Local monthly rainfall in the Peel-Harvey Estuary region (grey histograms) 
and monthly freshwater discharge (black line) for the Murray, Serpentine and Harvey 
rivers between January and December in 1980-1981, 1996-1997 and 2008-2010. Red 
lines represent the average rainfall recorded across years in each of the three periods. In 
this and Figs 5.3-5.7, the enclosed rectangles on the x-axis refer to summer and winter 
months and the open rectangles refer to autumn and spring.  
 
Table 4.1. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for 
four-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed for 
(a) salinity and (b) water temperature recorded seasonally in the five regions of the 
Peel-Harvey Estuary, i.e. Mandurah Channel, Eastern Peel, Western Peel, Northern 
Harvey and Southern Harvey, in each year in 1980-81, 1996-97 and 2008-10. 
df = degrees  of  freedom.  Significant results are highlighted in bold. 
  
(a) Salinity 
 
(b) Water temperature 
Main Effects df MS pF P  MS pF P 
Period 2 12.313 8.2 0.132  0.022 1.1 0.603 
Season 3 26.015 17.5 0.007  1.357 115.0 0.001 
Region 4 2.885 39.78 0.001  0.006 1.2 0.373 
Year (Period) 3 1.498 10.4 0.002  0.020 6.3 0.002 
Interactions         
Period x Season 6 3.458 2.3 0.121  0.008 0.6 0.697 
Period x Region 8 0.994 13.7 0.001  0.005 0.9 0.556 
Season × Region 12 1.371 9.5 0.001  0.005 1.8 0.093 
Year (Period) x Season 9 1.488 10.3 0.001  0.012 3.8 0.002 
Year (Period) x Region 12 0.072 0.5 0.899  0.006 1.8 0.090 
Period × Season × Region 24 0.272 1.9 0.040  0.003 1.0 0.535 
Residuals 36 0.144    0.003   
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Figure 4.3. Mean seasonal salinities in each of the five regions of the Peel-Harvey 
Estuary between summer and spring in 1980-1981 and 1996-97 and between winter and 
autumn in 2008/09 and 2009/10. In this and subsequent figures, regions are abbreviated 
as Mandurah Channel, MC; Eastern Peel, EP; Western Peel, WP; Northern Harvey, NH; 
and Southern Harvey, SH. 
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Figure 4.4. Mean seasonal water temperature ± 95 % confidence intervals in the five 
regions of the Peel-Harvey Estuary between summer and spring in 1980-81 and 
1996-97 and between winter and autumn in 2008/09-2009/10.  
 
 
4.3.2 Mean densities of fish species and life-cycle guilds 
 The mean overall density of fish in the Peel-Harvey Estuary over two 
consecutive years in 1996-97, i.e. 13 fish 100 m-2, derived from catches obtained using 
the 102.5 m seine net in the five regions of this estuary, was far lower than the 44 fish 
100 m-2 recorded in both 1980-81 and 2008-10 (Table 4.2). While the mean number of 
species recorded increased progressively with period, it should be recognised that the 
number of samples also increased with period (Table 4.2). The mean density of fish 
recorded using the 21.5 m net in 2008-10, i.e. 283 fish 100 m-2, was greater than in 
1996-97, i.e. 224 fish 100 m-2 (Table 4.3). Although the number of samples declined 
between these periods, the number of species recorded rose slightly from 43 to 46. 
 Eight of the ten most abundant fish species caught using the 102.5 m net in 
2008-10 also ranked among the ten most abundant species in both 1980-81 and 1996-97 
(Table 4.2). However, the relative contributions made by some of these species varied 
markedly between periods. In 1980-81, the fish samples collected using this larger net 
were dominated by the Western Striped Grunter Pelates octolineatus and the Western 
Gobbleguts Ostorhinchus rueppellii, which contributed 36.6 and 14.3 % to the total  
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Table 4.2. Life-cycle guilds (LC), rankings by abundance (R), mean densities (number 
of fish 100 m-2; D) and percentage contributions to the total catch (%) of the fish species 
caught in nearshore waters of the Peel-Harvey Estuary using a 102.5 m seine net in each 
season over two consecutive ‘years’ in 1980-81, 1996-97 and 2008-10. Life-cycle 
guilds in this and Table 4.3 are abbreviated as follows: ER, estuarine resident; E&M, 
estuarine & marine; MO, marine estuarine-opportunist; MS, marine straggler.  
 
 1980-1981  1996-1997  2008-2010 
Species name LC R D %  R D %  R D % 
Torquigener pleurogramma MO 6 2.6 5.7  1 5.6 41.8  1 13.3 30.7 
Ostorhinchus rueppellii E&M 2 6.4 14.3  7 0.5 3.3  2 10.7 24.6 
Hyperlophus vittatus MO 4 3.1 6.8  2 2.3 16.9  3 7.2 16.5 
Atherinosoma elongata  ER 10 1.0 2.2  4 1.3 9.3  4 2.8 6.5 
Leptatherina presbyteroides E&M 11 1.0 2.2  3 1.3 9.4  5 2.2 5.1 
Atherinomorus vaigiensis MO 8 1.4 3.1  15 <0.1 0.5  6 1.1 2.5 
Pelates octolineatus MO 1 16.4 36.6  10 0.1 1.0  7 1.1 2.5 
Favonigobius lateralis E&M 5 2.6 5.8  8 0.3 2.5  8 1.1 2.5 
Craterocephalus mugiloides ER 22 0.1 0.3  30 <0.1 <0.1  9 0.8 1.9 
Aldrichetta forsteri MO 7 2.2 5.0  5 0.6 4.2  10 0.6 1.5 
Gymnapistes marmoratus MO 13 0.4 0.9  12 0.1 0.9  11 0.6 1.5 
Haletta semifasciata MO 23 0.1 0.2  31 <0.1 <0.1  12 0.3 0.8 
Gerres subfasciatus MO 3 3.9 8.8  6 0.6 4.1  13 0.3 0.7 
Sillaginodes punctatus MO 20 0.1 0.3  16 <0.1 0.4  14 0.3 0.6 
Hyporhamphus melanochir E&M 24 0.1 0.2  21 <0.1 0.1  15 0.2 0.5 
Pseudogobius olorum ER 15 0.3 0.6  20 <0.1 0.2  16 0.2 0.4 
Spratelloides robustus MS     35 <0.1 <0.1  17 0.1 0.3 
Rhabdosargus sarba MO 26 <0.1 0.1  9 0.2 1.2  18 <0.1 0.2 
Callogobius depressus E&M 31 <0.1 <0.1  32 <0.1 <0.1  19 <0.1 0.2 
Sillago vittata MO     29 <0.1 <0.1  20 <0.1 <0.1 
Pseudorhombus jenynsii MO 21 0.1 0.3  17 <0.1 0.4  21 <0.1 <0.1 
Sillago schomburgkii MO 12 0.5 1.2  18 <0.1 0.3  22 <0.1 <0.1 
Scobinichthys granulatus MS 36 <0.1 <0.1  32 <0.1 <0.1  23 <0.1 <0.1 
Sillago burrus E&M 34 <0.1 <0.1  13 <0.1 0.7  24 <0.1 <0.1 
Arenigobius bifrenatus E&M 18 0.1 0.3  26 <0.1 <0.1  25 <0.1 <0.1 
Acanthaluteres brownii MS      26 <0.1 <0.1 
Stigmatophora argus MO      27 <0.1 <0.1 
Cnidoglanis macrocephalus MS 29 <0.1 <0.1  35 <0.1 <0.1  28 <0.1 <0.1 
Leptatherina wallacei MO 17 0.2 0.3  28 <0.1 <0.1  29 <0.1 <0.1 
Arripis georgianus ER     23 <0.1 0.1  30 <0.1 <0.1 
Hyporhamphus regularis ER 19 0.1 0.3  27 <0.1 <0.1  31 <0.1 <0.1 
Monacanthus chinensis MS      32 <0.1 <0.1 
Mugil cephalus ER 14 0.3 0.8  23 <0.1 0.1  33 <0.1 <0.1 
Meuschenia freycineti MS     39 <0.1 <0.1  34 <0.1 <0.1 
Sillago bassensis MO 9 1.1 2.5  14 <0.1 0.6  35 <0.1 <0.1 
Engraulis australis MS 30 <0.1 <0.1  11 0.1 0.9  36 <0.1 <0.1 
Acanthopagrus butcheri ER      36 <0.1 <0.1 
Ammotretis elongatus MO 32 <0.1 <0.1  22 <0.1 0.1  36 <0.1 <0.1 
Callogobius mucosus MO      39 <0.1 <0.1 
Pseudocaranx wrighti MO      40 <0.1 <0.1 
Platycephalus laevigatus MS      41 <0.1 <0.1 
Lesueurina platycephala MO      41 <0.1 <0.1 
Myliobatis australis MS    
 
 43 <0.1 <0.1 
Siphamia cephalotes  MS    
 
39 <0.1 <0.1 
 
43 <0.1 <0.1 
Arripis truttaceous MO 37 <0.1 <0.1 
  
43 <0.1 <0.1 
Favonigobius punctatus MS    
  
43 <0.1 <0.1 
Contusus brevicaudus MS 25 0.1 0.2 
 
23 <0.1 0.1 
 
43 <0.1 <0.1 
Filicampus tigris MS    
  
48 <0.1 <0.1 
Pomatomus saltatrix  MS 27 0.1 0.1 
 
19 <0.1 0.2 
 
48 <0.1 <0.1 
Notolabrus parilus MS    
  
48 <0.1 <0.1 
Brachaluteres jacksonianus ER 37 <0.1 <0.1 
 
43 <0.1 <0.1 
 
48 <0.1 <0.1 
Iso rhothophilus MS    
  
52 <0.1 <0.1 
Pentapodus vitta MS    
  
52 <0.1 <0.1 
Neatypus obliquus MO    
  
52 <0.1 <0.1 
Enoplosus armatus MS    
 
39 <0.1 <0.1 
 
52 <0.1 <0.1 
Diodon nicthemerus E&M    
  
52 <0.1 <0.1 
Heterodontus portusjacksoni MS    
 
43 <0.1 <0.1 
 
   
Sardinops neopilchardus MS 32 <0.1 0.0 
  
   
Nematalosa vlaminghi A 35 <0.1 0.0 
 
35 <0.1 <0.1 
 
   
Urocampus carinirostris ER 37 <0.1 <0.1 
 
43 <0.1 <0.1 
 
   
Platycephalus speculator E&M    
 
35 <0.1 <0.1 
 
   
Amniataba caudavittata ER 16 0.2 0.5 
 
32 <0.1 <0.1 
 
   
Pseudocaranx dentex MS    
 
39 <0.1 <0.1 
 
   
Upeneus tragula MS    
 
43 <0.1 <0.1 
 
   
Afurcagobius suppositus ER 28 <0.1 0.1 
 
43 <0.1 <0.1 
 
   
Number of samples 
 
 62   
 
120 
 
  155  
Number of species 
 
 39   
 
47 
 
  56  
Number of fish 
 
 44,386   
 
25,792 
 
  107,670  
Mean number of fish 100 m-2  44   
 
13 
 
  44  
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Table 4.3. Life-cycle guilds (LC), rankings by abundance (R), mean densities (number 
of fish 100 m-2; D) and percentage contributions to the total catch (%) of the fish species 
caught in nearshore waters of the Peel-Harvey Estuary using a 21.5 m seine net in each 
season over two consecutive ‘years’ in 1996-97 and 2008-10.   
 
  1996-1997  2008-2010 
Species name LC  
 R D %  R D % 
Atherinosoma elongata  ER  2 27.2 12.1  1 76.5 27.1 
Hyperlophus vittatus MO  1 130.9 58.4  2 62.6 22.2 
Leptatherina presbyteroides E&M  3 24.4 10.9  3 37.2 13.1 
Craterocephalus mugiloides ER  22 0.1 <0.1  4 31.9 11.3 
Ostorhinchus rueppellii E&M  7 3.8 1.7  5 19.8 7.0 
Torquigener pleurogramma MO  4 12.2 5.4  6 13.9 4.9 
Aldrichetta forsteri MO  5 9.9 4.4  7 13.7 4.8 
Favonigobius lateralis E&M  6 7.0 3.1  8 9.7 3.4 
Atherinomorus vaigiensis MO  8 2.6 1.2  9 7.8 2.7 
Gymnapistes marmoratus MO  10 0.6 0.3  10 2.2 0.8 
Haletta semifasciata MO  18 0.1 <0.1  11 1.2 0.4 
Pelates octolineatus MO  15 0.2 0.1  12 1.2 0.4 
Leptatherina wallacei ER  9 2.6 1.1  13 1.1 0.4 
Sillaginodes punctatus MO  13 0.2 0.1  14 1.0 0.3 
Pseudogobius olorum ER  11 0.5 0.2  15 0.8 0.3 
Mugil cephalus MO  16 0.2 0.1  16 0.4 0.1 
Stigmatophora argus MS  37 <0.1 <0.1  17 0.3 0.1 
Hyporhamphus melanochir E&M  19 0.1 <0.1  18 0.2 0.1 
Sillago burrus MO  20 <0.1 <0.1  19 0.1 <0.1 
Sillago vittata MO  14 0.2 0.1  20 0.1 <0.1 
Callogobius mucosus E&M   20 0.1 <0.1 
Rhabdosargus sarba MO  21 <0.1 <0.1  22 0.1 <0.1 
Ammotretis elongatus MS  17 0.2 0.1  23 <0.1 <0.1 
Cnidoglanis macrocephalus E&M  34 <0.1 <0.1  24 <0.1 <0.1 
Arenigobius bifrenatus E&M  26 <0.1 <0.1  24 <0.1 <0.1 
Arripis truttaceus MO   26 <0.1 <0.1 
Engrauis australis MS   27 <0.1 <0.1 
Scobinichthys granulatus MS  34 <0.1 <0.1  28 <0.1 <0.1 
Pseudorhombus jenynsii MO  12 0.4 0.2  29 <0.1 <0.1 
Hyporhamphus regularis ER  30 <0.1 <0.1  29 <0.1 <0.1 
Gerres subfasciatus MO  22 <0.1 <0.1  29 <0.1 <0.1 
Sillago schomburgkii MO  24 <0.1 <0.1  32 <0.1 <0.1 
Spratelloides robustus MO  39 <0.1 <0.1  33 <0.1 <0.1 
Omobranchus germaini MS   34 <0.1 <0.1 
Contusus brevicaudus MO  31 <0.1 <0.1  35 <0.1 <0.1 
Urocampus carinirostris ER  27 <0.1 <0.1  36 <0.1 <0.1 
Pugnaso curtirostris ER   36 <0.1 <0.1 
Lesueurina platycephala MS   36 <0.1 <0.1 
Meuschenia freycineti MS   36 <0.1 <0.1 
Acanthaluteres brownii MS   36 <0.1 <0.1 
Monacanthus chinensis MS   36 <0.1 <0.1 
Siphamia cephalotes  E&M   42 <0.1 <0.1 
Platycephalus laevigatus MS  37 <0.1 <0.1  43 <0.1 <0.1 
Acanthopagrus butcheri ER   43 <0.1 <0.1 
Enoplosus armatus MS   43 <0.1 <0.1 
Acanthaluteres vittiger MS   43 <0.1 <0.1 
Arripis georgianus MO  31 <0.1 <0.1     
Brachaluteres jacksonianus MS  39 <0.1 <0.1     
Callogobius depressus MO  34 <0.1 <0.1     
Afurcagobius suppositus ER  28 <0.1 <0.1     
Gonorynchus greyi MO  31 <0.1 <0.1     
Nematalosa vlaminghi A  39 <0.1 <0.1     
Petroscirtes breviceps MS  39 <0.1 <0.1     
Pomatomus saltatrix  MO  28 <0.1 <0.1     
Sillago bassensis MS  25 <0.1 <0.1     
Sardinops neopilchardus MS  39 <0.1 <0.1     
Number of samples   
 
240 
 
  155  
Number of species   
 
43 
 
  46  
Number of fish   
 
62,350 
 
  50,845  
Mean number of fish 100 m-2    
 
224 
 
  283  
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catch, respectively, with the Common Silverbiddy Gerres subfasciatus (8.8 %) and the 
Sandy Sprat Hyperlophus vittatus (6.8 %) also being relatively abundant (Table 4.2). In 
contrast, the densities of P. octolineatus and O. rueppellii were markedly lower in 
1996-97 than 1980-81, with the result that these two species ranked just tenth and 
seventh overall and represented < 1 and 3.3 % of the total catch, respectively. However, 
the densities of both species were in greater in 2008-10 than in 1996-97 and this was 
particularly true for O. rueppellii, which was the second most abundant species in 
2008-10 and made a greater contribution to the total catch (24.6 %) in this period than 
even in 1980-81. The marine estuarine-opportunist species, the Weeping Toadfish 
Torquigener pleurogramma and H. vittatus, each constituted < 7 % of the total catch in 
1980-81, whereas they were the first and second most abundant species in 1996-97, and 
contributed 41.8 and 16.9 % of the total catch, respectively. They were similarly 
abundant in 2008-10 ranking first and third, and contributing 30.7 and 16.5 % of the 
total catch, respectively (Table 4.3).   
Two atherinid species, the Silverfish Leptatherina presbyteroides and the 
Elongate Hardyhead Atherinosoma elongata, were relatively more abundant in 1996-97 
(9.4 and 9.3 %, respectively) and 2008-10 (5.1 and 6.5 % respectively) than in 1980-81 
(each 2.2 %), while another atherinid, the Common Hardyhead Atherinomorus 
vaigiensis, made similar and moderate contributions in 1980-81 (3.1 %) and 2008-10 
(2.5 %). The tropical atherinid, the Spotted Hardyhead Craterocephalus mugiloides 
ranked ninth and contributed 1.9 % of the total catch in 2008-10, but was far less 
abundant in 1980-81 (0.3 %) and 1996-97 (< 1%), when it ranked only 22nd and 30th, 
respectively (Table 4.2).  
 Similar to the situation with the 102.5 m net, nine of the ten most abundant 
species caught using the 21.5 m net in 1996-97 and 2008-10 were relatively abundant in 
both periods (Table 4.3). The trends in the relative contributions of each fish species 
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recorded using this net in 1996-97 and 2008-10 were similar to those observed for the 
102.5 m net in those two periods. Thus, H. vittatus, L. presbyteroides and A. elongata, 
which were moderately and similarly abundant in 1996-97 and 2008-10 using the larger 
seine net, ranked among the three most abundant species caught using the 21.5 m net in 
each period (Table 4.3). Furthermore, C. mugiloides was far more abundant in 2008-10 
(11.3 %) than in 1996-97 (< 0.1 %), as was the weed-associated species O. rueppellii 
(7.0 vs 1.7 %). The percentage contributions of T. pleurogramma to the catches 
obtained by the 21.5 m net in 2008-10 (4.6 %) and 1996-97 (5.4 %) were far lower, 
however, than those recorded using the 102.5 m net in those periods, i.e. 30.7 and 
41.8 %, respectively.  
 In terms of life-cycle guild, the number of species recorded using the 102.5 m 
net in each period were relatively equally represented by estuarine & marine (E&M) 
and estuarine resident (ER) species. However, the number of marine stragglers (MS) 
and marine estuarine-opportunists (MO) increased from 6 and 16 in 1980-81, to 12 and 
16 in 1996-97 and to 18 and 22 in 2008-10, respectively (Table 4.4a). Similarly, a 
greater number of marine straggler species were caught using the 21.5 m net in 2008-10 
(12) than in 1996-97 (8; Table 4.4b).  
 In terms of number of individuals, estuarine & marine species made greater 
contributions to the catches of both nets in 2008-10 than in the earlier two periods, 
reflecting greater densities of O. rueppellii and L. presbyteroides in the case of the 21.5 
m net (Table 4.4a, b). Finally, estuarine residents were more prevalent in the 21.5 m 
samples in 2008-10 (i.e. 39.0 %) than in 1996-97 (13.6 %) due to higher densities of 
C. mugiloides and A. elongata (Table 4.4b). 
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Table 4.4. Numbers (N) and densities (D) and percentage contributions (%) of species 
and individuals, respectively, of each life-cycle guild category to catches obtained using 
the (a) 102.5 and (b) 21.5 m seine net in each region of the Peel-Harvey Estuary in each 
season over two consecutive ‘years’ in 1980-81, 1996-97 and 2008-10.   
  (a) 102.5 m seine net  (b) 21.5 m seine net 
  1980-81 1996-97 2008-10  1996-97 2008-10 
LC Guild  N % N % N %  N % N % 
Species             
MS  6 15.4 12 25.5 18 32.1  8 18.6 12 26.1 
MO  16 41.0 16 34.0 22 39.3  21 48.8 18 39.1 
E&M  7 17.9 8 17.0 8 14.3  6 14.0 8 17.4 
ER  9 23.1 10 21.3 8 14.3  7 16.3 8 17.4 
A  1 2.6 1 2.1 0 0  1 2.3 0 0 
Total  39  47  56   43  46  
             
LC Guild  D % D % D %  D % D % 
Individuals 
MS  <0.1 0.4 <0.1 1.4 <0.1 0.5  <0.1 0.1 1 0.2 
MO  32 71.9 10 72.6 25 57.8  158 70.5 105 37.0 
E&M  10 22.8 2 16.1 14 32.9  35 15.8 67 23.8 
ER  2 4.8 1 9.9 4 8.9  30 13.6 110 39.0 
A  <0.1 <0.1 <0.1 <0.1 0 0  <0.1 <0.1 0 0 
Total  44  13  44   224  283  
 
 
4.3.3 Number of species, density and the Shannon-Wiener index  
 Four-way crossed PERMANOVA demonstrated that the mean numbers of 
species caught using the 102.5 m net in 1980-81, 1996-97 and 2008-10 differed 
significantly among regions and years (period) and that there were significant 
interactions  between year (period) and season and between year (period) and region 
(Table 4.5a). The year (period) × season interaction is attributable to the fact that, while 
the number of species in 1981 and in each year in 1996-97 and 2008-10 peaked in either 
summer or autumn and declined in winter, they did not show a similar trend in 1980 
(Fig. 4.5a). While the number of species was greatest in the Mandurah Channel and/or 
Northern Harvey in 1981 and in each year in 1996-97 and 2008-10, they were greatest 
in the Western Peel in 1980 (Fig. 4.5b).  
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Table 4.5. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for 
four-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed for (a) 
number of species, (b) mean densities and (c) the mean Shannon-Wiener index derived 
from data obtained from samples collected using a 102.5 m net in the five regions of the 
Peel-Harvey Estuary, i.e. Mandurah Channel, Eastern Peel, Western Peel, Northern 
Harvey, Southern Harvey, in each season over two consecutive ‘years’ in 1980-81, 
1996-97 and 2008-10, and using a 21.5 m net in those respective regions and seasons in 
1996-97 and 2008-10.  df = degrees of freedom. Significant results in bold.  
 
 
(a) Number of species 
 
102.5 m seine net  21.5 m seine net 
Main Effects df MS pF  P  df MS pF P 
Period 2 6870 4.5 0.203  1 7738 23.1 0.330 
Season 3 2242 2.1 0.141  3 1800 7.6 0.011 
Region 4 20512 7.5 0.002  4 1672 14.3 0.001 
Year (Period) 3 1525 10.5 0.001  2 336 1.8 0.139 
Interactions          
Period × Season 6 673 0.6 0.783  3 405 1.7 0.188 
Period × Region 8 446 1.6 0.150  4 559 4.8 0.010 
Season × Region 12 215 1.5 0.113  12 169 0.9 0.593 
Year (Period) × Season 9 1069 7.4 0.001  6 238 1.3 0.273 
Year (Period) × Region 12 274 1.9 0.023  8 117 0.6 0.831 
Period × Season × Region 24 152 1.1 0.424  12 210 1.1 0.363 
Residuals 35 145    24 186   
        
 
(b) Density 
 
102.5 m seine net  21.5 m seine net 
Main Effects df MS pF  P  df MS pF P 
Period 2 6599 3.7 0.11  1 1844 19.9 0.34
Season 3 1762 1.7 0.17  3 1358 7.4 0.01
Region 4 922 2.1 0.10  4 340 4.5 0.02
Year (Period) 3 1764 6.4 0.00  2 93 0.9 0.46
Interactions          
Period × Season 6 861 0.9 0.63  3 521 2.9 0.11
Period × Region 8 836 1.9 0.11  4 283 3.7 0.04
Season × Region 12 426 1.5 0.07  12 120 1.1 0.36
Year (Period) × Season 9 1013 3.7 0.00  6 183 1.7 0.12
Year (Period) × Region 12 438 1.6 0.06  8 76 0.7 0.73
Period × Season × Region 24 216 0.8 0.85  12 151 1.4 0.18
Residuals 35 277    24 107   
                      
 
(c) Shannon-Wiener index 
 
102.5 m seine net  21.5 m seine net 
Main Effects df MS pF  P  df MS pF P 
Period 2 1034 8.0 0.022  1 440 3.6 0.33
Season 3 3960 2.9 0.068  3 519 1.7 0.26
Region 4 1858 4.1 0.005  4 23 1.8 0.21
Year (Period) 3 130 0.4 0.897  2 316 0.1 0.96
Interactions          
Period × Season 6 394 0.3 0.981  3 81 1.2 0.36
Period × Region 8 749 1.7 0.128  4 169 0.6 0.70
Season × Region 12 548 1.6 0.092  12 539 2.4 0.02
Year (Period) × Season 9 1395 4.0 0.001  6 259 1.2 0.34
Year (Period) × Region 12 454 1.3 0.120  8 284 1.3 0.28
Period × Season × Region 24 433 1.2 0.217  12 283 1.3 0.28
Residuals 35 350    24 222   
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Figure 4.5. Number of species and back-transformed mean densities (fish 100 m-2) 
recorded using the 102.5 m seine net in each (a, e) season and (b) region in 1980, 1981, 
1996, 1997, 2008/09 and 2009/10, and those recorded using the 21.5 m net in each (c, g) 
season (pooled years and regions) and (d, f) region of the Peel-Harvey Estuary in 
1996-97 and 2008-10. For clarity, error bars representing the average ± 95 % 
confidence intervals have been presented for (a), (b) and (e).  
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With the smaller net, the mean number of species differed significantly among 
seasons and regions and the period × region interaction was also significant 
(Table 4.5a). The number of species declined from its maximum in summer to its 
minimum in winter and then rose again in spring (Fig. 4.5c). The mean number of 
species in all five regions was greater in 2008-10 than in 1996-97, with the differences 
being particularly pronounced in the Northern and Southern Harvey (Fig. 4.5d).  
 The density of fish recorded using the 102.5 m net differed significantly among 
years (period) and the year (period) × season interaction was also significant 
(Table 4.5b), with the latter being due to the lack of a consistent seasonal pattern in the 
densities among years (Fig. 4.5e). In the case of the 21.5 m net, mean densities differed 
significantly among seasons and regions and there was a significant period × region 
interaction (Table 4.5b). This interaction is attributable to the fact that the mean 
densities in all regions except the Mandurah Channel were greater in 2008-10 than in 
1996-97 (Fig. 4.5f). The mean densities of fish were far greater in summer than in any 
of the other seasons (Fig. 4.5g). 
 The values for the Shannon-Wiener index calculated from the data collected 
using the 102.5 m net differed significantly among periods and regions and were also 
significant for the year (period) × season interaction (Table 4.5c). This interaction is 
caused by the lack of a consistent pattern of seasonal changes across all regions 
(Fig. 4.6a). Values of the Shannon-Wiener index were significantly greater in the 
Mandurah Channel than the Southern Harvey, with those for the Eastern and Western 
Peel and the Northern Harvey lying in between (Fig. 4.6b). In the case of the 21.5 m 
net, the season × region interaction was significant for the Shannon-Wiener index, 
reflecting the fact that there was no consistent seasonal trend across all regions 
(Fig. 4.6c). 
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Figure 4.6. Mean values for the Shannon-Wiener index recorded using the 102.5 m 
seine net in each (a) season in 1980, 1981, 1996, 1997, 2008/09 and 2009/10 and (b) 
region (pooled years) and that recorded using the 21.5 m net in each (c) season in each 
of the five regions of the Peel-Harvey Estuary. For clarity, error bars representing the 
average ± 95% confidence intervals have been presented for (a) and (c). 
 
4.3.4 Overall ichthyofaunal compositions 
 Four-way PERMANOVA tests demonstrated that the compositions of the fish 
faunas in the five regions of the Peel-Harvey Estuary, derived from data using the 
102.5 m net in each season over two consecutive years in 1980-81, 1996-97 and 
2008-10 and from data using the 21.5 m net in the latter two periods, differed 
significantly among seasons, regions and years (nested within period) (Table 4.6a, b) 
and between several of the two-way interactions. Although, in the case of both nets, the 
pF values were greater for period than any other term in the model, this main effect was 
not significant on its own. However, there was a strong period × region interaction. 
Two-way crossed ANOSIM tests, involving one of the factors, i.e. period, 
season or region, vs the other two combined, yielded, for the 102.5 and 21.5 m nets, 
respective Global R-statistic values of 0.602 and 0.638 for period, 0.313 and 0.371 for 
season and 0.277 and 0.374 for region.   
 The interactions between period and region detected for the species 
compositions in each of the nets can be seen visually on the nMDS ordination plots, 
derived from the distance among centroids matrix constructed from the mean number of  
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Table 4.6. Mean squares (MS), Pseudo-F (pF) values and significance levels (P) for the 
four-way PERMANOVA tests on the Bray-Curtis similarity matrices constructed from 
the fish abundances recorded throughout the five regions of the Peel-Harvey Estuary 
using a (a) 102.5 m seine net in each season over two consecutive ‘years’ in 1980-81, 
1996-97 and 2008-10 and using a (b) 21.5 m net in each season in 1996-97 and 
2008-10. df = degrees  of  freedom. Significant results are highlighted in bold. 
 
  
(a) 102.5 m seine net 
 
(b) 21.5 m seine net 
Main effects df MS pF P  MS pF P 
Period 2 24717 6.7 0.068  12292 6.0 0.336 
Season 3 8890 3.1 0.003  6578 3.1 0.004 
Region 4 6585 3.6 0.001  6339 5.1 0.002 
Year (Period) 3 3672 2.5 0.001  2067 1.7 0.029 
Interactions         
Period x Season 6 3536 1.2 0.142  3223 1.5 0.099 
Period x Region 8 4863 2.6 0.001  2750 2.2 0.005 
Season x Region 12 2217 1.5 0.007  1663 1.4 0.015 
Year (Period) × Season 9 2872 1.9 0.001  2113 1.7 0.002 
Year (Period) × Region 12 1858 1.3 0.035  1244 1.0 0.441 
Period × Season × Region 24 1708 1.2 0.063  1405 1.1 0.148 
Residuals 35 1478    1221   
 
 
 
Figure 4.7. Centroid nMDS ordination plots derived from separate distance among 
centroids matrices constructed from Bray-Curtis similarity matrices of the mean number 
of fish in each season in the five regions of the Peel-Harvey Estuary using (a) the 102.5 
m seine net in (1) 1980-81, (2) 1996-97 and (3) 2008-10 and (b) the 21.5 m seine net in 
the latter two periods.  
 
fish recorded seasonally using the 102.5 and 21.5 m nets in each of the five regions of 
the Peel-Harvey Estuary (Fig. 4.7a, b). In the case of the 102.5 m net, the points for the 
samples for each region progressed from left to right and then upwards on the 
ordination plot and, in each period, that for the Mandurah Channel lay well above that 
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for the Southern Harvey (Fig. 4.7a). While the lines connecting the points for the 
samples for the Western Peel, Eastern Peel and Northern Harvey in 1980-81 and 
1996-97 did not intersect, they did so between 1996-97 and 2008-10, thereby 
accounting for the interaction between period and season.  
The points representing the compositions of the fish faunas in the five regions in 
1980-81 were more widely dispersed (i.e. MVDISP value = 1.386) than those in 1996-
97 (MVDISP value = 0.957) and 2008-10 (MVDISP value = 0.676). On the ordination 
plot, derived from data collected using the 21.5 m net, the points for the samples from 
each region in 2008-10 lay to the right of those for the corresponding region in 1996-97 
and those for the Mandurah Channel in both periods were discrete (Fig. 4.7b). 
 
4.3.5 Fish compositions derived by the 102.5 m net in 1980-81, 1996-97 & 2008-10 
 Results of one-way ANOSIM tests for season and region, derived from data 
obtained using the 102.5 m seine net in each season in each period, i.e. 1980-81, 
1996-97 and 2008-10, are summarized in Table 4.7. The Global R-statistic values 
demonstrate that, while region was far more influential than season in 1980-81, the 
reverse was true in 1996-97. Although season exerted a similar influence on the faunal 
compositions in both 2008-10 and 1996-97, i.e. 0.322 vs 0.298, the influence of region 
was substantially higher in 2008-10, i.e. 0.265 vs 0.153 (Table 4.7). 
 Two-way crossed period × season ANOSIM tests demonstrated that the 
compositions of the fish faunas, differed most among periods in the Eastern Peel 
(Global R = 0.861) and Mandurah Channel (Global R = 0.831), particularly between 
1980-81 and 2008-10 (both R values = 1.000; Table 4.8a). These differences can be 
seen visually on their respective regional MDS ordinations, where the points 
representing the samples in 1980-81 formed separate groups on the left side of the plots 
and were distinct from those of 1996-97 and 2008-10, which intermingled (Fig. 4.8a, c). 
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Table 4.7. One-way ANOSIM R-statistic values and significance levels (P; given in 
parentheses) for region and season for the fish composition data obtained using the 
102.5 m seine net throughout the five regions of the Peel-Harvey Estuary in each season 
over two consecutive ‘years’ in 1980-81, 1996-97 and 2008-10. Significant results are 
given in bold.  
 
 
Period 
 
1980-81 1996-97 2008-10 
Season 
Region 
0.072 (3.70 %) 0.298 (0.01 %) 0.322 (0.01 %)  
Region 0.367 (0.01 %) 0.153 (0.10 %) 0.265 (0.01 %) 
 
 
 
 
 
Table 4.8. Two-way crossed period × season ANOSIM R-statistic values and 
significance levels (P; given in parentheses) for the fish compositions data recorded 
throughout the five regions of the Peel-Harvey Estuary using a 102.5 m seine net in 
each season over two consecutive ‘years’ in 1980-81, 1996-97 and 2008-10 and using a 
21.5 m net in each season in 1996-97 and 2008-10. Significant results are given in bold.  
 
 
Period 
 
102.5 m seine net 21.5 m seine net 
 
  
Mandurah Channel 0.833 (0.001) 0.813 (0.012) 
1980s vs 1990s 0.875 
 
1980s vs 2000s 1.000 
 
1990s vs 2000s 0.563 0.813 
   Eastern Peel 0.860 (0.001) 0.563 (0.025) 
1980s vs 1990s 0.813 
 
1980s vs 2000s 1.000 
 
1990s vs 2000s 0.750 0.563 
 
  Western Peel 0.194 (0.064) 0.375 (0.111) 
1980s vs 1990s 0.313 
 
1980s vs 2000s 0.063 
 
1990s vs 2000s 0.250 0.375 
   Northern Harvey 0.597 (0.001) 0.750 (0.012) 
1980s vs 1990s 0.563 
 
1980s vs 2000s 0.625 
 
1990s vs 2000s 0.813 0.750 
   Southern Harvey 0.516 (0.001) 0.688 (0.001) 
1980s vs 1990s 0.399 
 
1980s vs 2000s 0.611 
 
1990s vs 2000s 0.563 0.688 
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 The fish fauna in the Mandurah Channel contained relatively greater abundances 
of Favonigobius lateralis, Arenigobius bifrenatus, Pseudorhombus jenynsii and Mugil 
cephalus in 1980-81 than in both 1996-97 and 2008-10, whereas Sillago burrus was 
more abundant in 1996-97 and H. vittatus was more abundant in 2008-10 (Table 4.9a). 
The differences in compositions between 1996-97 and 2008-10 were attributable to 
higher abundances of S. burrus and A. elongata and lower numbers of Spratelloides 
robustus and O. rueppellii in 1996-97 (Table 4.9a). The outlier on the MDS plot 
represents the sample of fish collected in the Mandurah Channel during the winter of 
1997, which, unlike other seasons in 1996-97 and 2008-10, contained no H. vittatus and 
low numbers of T. pleurogramma (Fig. 4.9a).  
 The abundances of Afurcagobius suppositus, G. subfasciatus, Sillago 
schomburgkii and Aldrichetta forsteri were all greater in the Eastern Peel in 1980-81 
than in both 1996-97 and 2008-10, while T. pleurogramma was more abundant in the 
latter two periods (Table 4.9a). The compositions of the fish faunas in the Western Peel 
did not differ significantly among periods.  
 The fish compositions in the Northern Harvey in 1980-81 differed from those in 
both 1996-97 (R = 0.563) and 2008-10 (R = 0.625), which is reflected in the 
discreteness of the groups of points for each of those three periods on the MDS plot 
(Fig. 4.8g). However, unlike the situation with the above regions, the differences in 
composition were greatest between 1996-97 and 2008-10 (i.e. R = 0.813; Table 4.8a). 
This was due to higher abundances of O. rueppellii, Gymnapistes marmoratus, 
A. elongata, C. mugiloides and Hyporhamphus melanochir in the latter period 
(Table 4.9a).   
 The fish compositions in the Southern Harvey in 2008-10 differed significantly 
from those in both 1980-81 and 1996-97 (Table 4.8a), as reflected on the MDS 
ordination (Fig. 4.8i). The fish faunas in 2008-10 contained relatively greater numbers  
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Figure 4.8. nMDS ordination plots constructed from Bray-Curtis similarity matrices 
derived from the mean seasonal fish abundances recorded in each region of the 
Peel-Harvey Estuary i.e. Mandurah Channel (a, b), Eastern Peel (c, d), Western Peel 
(e, f), Northern Harvey (g, h) and Southern Harvey (i, j) using the 102.5 m (a, c, e, g, i) 
in 1980-81, 1996-97 and 2008-10 and the 21.5 m (b, d, f, h, j) net in the last two 
periods. Points coded for years and seasons (i.e. S, summer; A, autumn; W, winter; Sp, 
spring). 
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of T. pleurogramma, F.lateralis and L. presbyteroides than in the other two periods, 
while Hyporhamphus regularis was relatively more abundant in 1980-81 and P. jenynsii 
was more prevalent in 1996-97 (Table 4.9a).  
 
4.3.6 Fish compositions derived by the 21.5 m net in 1996-97 & 2008-10 
 Two-way crossed period × season ANOSIM tests demonstrated that the 
compositions of the fish faunas, derived from data obtained using the 21.5 m seine net 
in each region in 1996-97 and 2008-10, differed most among periods in the Mandurah 
Channel (Global R = 0.813), the Northern Harvey (Global R = 0.750) and the Southern 
Harvey (Global R = 0.688; Table 4.8b). As with the 102.5 m seine net, the faunal 
compositions in the Western Peel did not differ significantly between periods. These 
results are reflected in the MDS ordination plots for each region, where the points 
representing the samples collected in each period were essentially distinct in the case of 
the Mandurah Channel (Fig. 4.8b) and Northern Harvey (Fig. 4.8h) and, to an extent, in 
the Southern Harvey (Fig. 4.8j), but showed far less tendency to group together in the 
Eastern Peel and more particularly, the Western Peel (Fig. 4.8d, f).  
 The abundances of H. vittatus and P. jenynsii were greater in the Mandurah 
Channel in 1996-97 than in 2008-10, while A. forsteri and A. elongata were more 
prevalent in samples collected in the more recent study (Table 4.9b). As with the larger 
net, the abundances of T. pleurogramma, L. presbyteroides, F. lateralis, O. rueppellii 
and P. octolineatus in the Eastern Peel were relatively greater in 2008-10 than in 
1996-97. Likewise, G. marmoratus, C. mugiloides and O. rueppellii were caught in 
greater numbers with this net throughout the Northern Harvey in 2008-10 than in 
1996-97 (Table 4.9b). The inter-decadal faunal differences in the Southern Harvey were 
attributable to greater abundances of L. presbyteroides, F. lateralis and A. elongata and 
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to lesser numbers of H. vittatus in 2008-10 than in 1996-97, again paralleling the 
situation with the 102.5 m seine net. 
 
4.4 Discussion  
4.4.1 Numbers of species, densities and Shannon-Wiener index  
 The overall increase in the number of species in samples obtained using the 
102.5 m seine net throughout all regions of the Peel-Harvey Estuary from 39 in 
1980-81, to 47 in 1996-97 and 56 in 2008-10 largely reflected a consistent rise in the 
number of marine teleost species, i.e. marine stragglers and marine 
estuarine-opportunists. The greater number of marine species in 1996-97 (28) than in 
1980-81 (22) thus presumably reflects the influence of the opening of the Dawesville 
Cut as this would have increased the opportunities for marine species to enter the 
estuary and led to higher salinities being maintained for longer periods than previously 
and thereby provide an environment conducive to their retention (Young & Potter, 
2003a). The further increase in marine species to 40 in 2008-10 is probably related to 
the fact that, even in the more distal regions of the estuary, salinities remained elevated 
throughout the year, including winter, as a result of declines in freshwater discharge 
brought about by reduced rainfall. The lower amounts of freshwater flow during winter 
would also have reduced the potential for marine species to be flushed out of the estuary 
and/or receive a strong signal to emigrate at this time.  
 The greater number of marine species in 2008-10 than 1996-97 may also reflect, 
in part, the increase that has occurred in the biomass of seagrass and macroalgae in 
certain regions of the estuary since the late 1990s (Pedretti et al., 2011). The presence of 
such habitats provides, for fish, a protected and productive environment and an increase 
in the range of habitats. The above conclusion regarding the influence of seagrass and 
macroalgae would be consistent with the results of numerous other studies in which the 
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species and richness of fishes was shown to be greater in vegetated than non-vegetated 
habitats (Bell & Pollard, 1989; Humphries et al., 1992; Jenkins et al., 1997; Valesini 
et al., 1997; Whitfield, 1999; Guidetti, 2000; Pihl et al., 2006). It is therefore relevant 
that marine species, such as Stigmatophora argus, Acanthaluteres brownii, Meuschenia 
freycineti, Platycephalus laevigatus, Notolabrus parilus, Pentapodus vitta, 
Monacanthus chinensis, which typically live in seagrass (Travers & Potter, 2002; 
Kendrick & Hyndes, 2003; Valesini et al., 2004; Hindell, 2006; Lek et al., 2011), were 
caught in 2008-10 but not recorded in either of the earlier two sampling periods. In this 
context, it is important to note that, while very large macroalgal growths were present in 
1980-81, there was little seagrass. 
 Although consistently greater numbers of species were caught using the 21.5 
and 102.5 m seine nets in 2008-10 than in 1996-97, the species richness in both periods 
tended to decline from a maximum in summer to a minimum in winter and then to rise 
again in spring. This is consistent with the trends exhibited by this biotic variable during 
concomitant sampling in the lower and more marine regions of the Leschenault Estuary 
(see Chapter 2). Furthermore, in both 1996-97 and 2008-10, species richness was 
generally greater in regions closest to the entrance channels and thus to a marine 
influence, i.e. the Mandurah Channel, Northern Harvey and Western Peel. 
 In contrast to the situation in 1996-97 and 2008-10, the number of species 
recorded using the 102.5 m seine net in the two years of the 1980-81 period differed, 
with far more species being recorded in 1980 (37) than in 1981 (26). Furthermore, the 
densities of fish were far higher in 1980 than in 1981, mainly due to the very large 
numbers of two weed-associated species, the terapontid Pelates octolineatus and the 
cardinalfish Ostorhinchus rueppellii (Potter et al., 1983a, b). The greater number of 
species and densities of fishes in 1980 are presumably due to the blooms of Nodularia 
spumigena being far less profuse and having a shorter duration in 1980 than in 1981 and 
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thus providing a better environment for fishes (Potter et al., 1983a; Lukatelich & 
McComb, 1986). 
 In contrast to the number of species, which were typically greater in each region 
of each season in 2008-10 than those in either 1980-81 and 1996-97 (Fig. 4.5a, b), the 
values for Shannon-Wiener index typically showed no consistent trend among regions 
and/or seasons across the three periods (Fig. 4.6a). This is likely to be related to the fact 
that the Shannon-Wiener index incorporates two aspects of ‘diversity’, i.e. richness (the 
number of species) and evenness (the distribution of individuals among species) 
(Shannon, 1948). Thus, it is possible for a sample or group of samples to have a high 
species richness but low evenness, which could result in similar diversity indices across 
different samples, despite there being changes in community structure (Bianchi et al., 
2000). Since the increase in species richness in the Peel-Harvey Estuary across the three 
periods, mainly reflects the presence of a greater number of marine straggler species, 
which were represented by low numbers of individuals, this would not necessarily 
increase the evenness of the assemblage. Therefore, as the fish faunas in each period 
were typically dominated by one or two species, the inconsistent trend in 
Shannon-Wiener index among regions and seasons is probably due to the variability in 
the proportions contributed by these several highly abundant species.  
 It is noteworthy that the densities of fish, derived from the catches obtained 
using the 21.5 and 102.5 m seine nets in 2008-10 (i.e. ̅ = 383 and 44 fish 100 m-2, 
respectively), were far greater than those in 1996-97 (i.e. ̅ = 224 and 13 fish 100 m-2, 
respectively). Furthermore, in the case of the larger net, the densities of fish in 2008-10 
were the same as in 1980-81 (i.e. ̅ = 44 fish 100 m-2) during the height of 
eutrophication when massive macroalgal growths were present. The increase in the 
biomass of macroalgae and seagrass in the Harvey Estuary since the late 1990s (Pedretti 
et al., 2011) helps account for the fact that the density of fish recorded using the 21.5 m 
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seine net in the Northern Harvey, in which seagrass had become far more abundant, was 
significantly greater in 2008-10 than in 1996-97.     
 
4.4.2 Contributions of fish species  
 Although the samples collected using the 102.5 m seine net in 1980-81, 1996-97 
and 2008-10 were characterized by a similar suite of fish species, the rankings by 
abundance, densities and relative contributions of these species differed. Such 
differences were particularly noticeable in the cases of O. rueppellii and P. octolineatus, 
which are known to be associated with macroalgae and seagrass (Potter et al., 1983a, b; 
Linke et al., 2001; Travers & Potter, 2002; see Chapter 5). Ostorhinchus rueppellii was 
thus the second most abundant species in the samples collected in 1980-81 and 2008-10, 
but ranked only seventh in 1996-97. The densities of O. rueppellii were also greater in 
2008-10 than in 1996-97 and, to a lesser extent, than in 1980-81. Furthermore, the 
contributions of O. rueppellii to the total catch taken by the 102.5 m net in 2008-10 was 
more than eight times that in 1996-97, but less than twice that in 1980-81 during the 
height of eutrophication (Potter et al., 1983b; Loneragan et al., 1986). The cardinal fish 
O. rueppellii likewise made a far greater contribution to the samples obtained using the 
21.5 m net in 2008-10 (7 %) than in 1996-97 (1.7 %) and was also in far greater 
densities in the more recent period. As with O. rueppellii, P. octolineatus ranked higher 
in terms of abundance, and made a greater contribution to the catches obtained using the 
102.5 m net in both 1980-81 and 2008-10 than in 1996-97.  
 Furthermore, on the basis of data derived from each seine net, the densities of 
three marine species, which are also associated with seagrass, i.e. Gymnapistes 
marmoratus, Haletta semifasciata and Sillaginodes punctatus (Grant, 1972; Edgar & 
Shaw, 1995a, c; Hyndes et al., 1997, 1998; Valesini et al., 2004), were greater in 
2008-10 than in either of the earlier periods. The greater prevalence of species 
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associated with seagrass in 2008-10 than in 1996-97 is thus presumably, at least partly, 
attributable to the increases that have occurred in seagrass in the Peel-Harvey Estuary in 
the intervening years (Pedretti et al., 2011).  
 Differences in the relative contributions of the fish species among periods were 
also due to the abundances of three marine species, i.e. Hyperlophus vittatus, 
Torquigener pleurogramma and Leptatherina presbyteroides (Prince & Potter, 1983; 
Potter et al., 1988; Gaughan et al., 1996a), being greater in both 2008-10 and 1996-97 
than in 1980-81, which are typically found in salinities relatively close to that of full 
strength sea water. Thus, the large numbers of these species in the two most recent 
periods presumably reflects not only the provision of the large new route provided for 
immigration of such fishes by the opening of the Dawesville Channel in 1994, but also 
the maintenance of elevated and more consistent salinities in the Peel-Harvey Estuary, 
which are likewise an outcome of the construction of that channel. 
 Further interperiod differences were observed in the relative contributions of the 
tropical atherinid Craterocephalus mugiloides (Hoese et al., 2006), which, in the case of 
both nets, was far more abundant in the samples obtained in 2008-10 than in either of 
the earlier periods. Indeed, while C. mugiloides ranked ninth and fourth in the samples 
collected using the 102.5 and 21.5 m seine nets in 2008-10, respectively, it never ranked 
higher than 22 using the larger net in 1980-81 and both nets in 1996-97. The far greater 
densities of C. mugiloides in 2008-10 clearly represent an increase in the population 
growth of this estuarine resident in the Peel-Harvey Estuary over the last 30 years. This 
parallels the situation in the Swan Estuary, c. 60 km to the north of the Peel-Harvey 
Estuary, where C. mugiloides has increased in abundance to such an extent since the 
early 1980s that it had became the most numerous atherinid in the lower and middle 
regions of the estuary in 2007-09 (Valesini et al., 2011). It is also noteworthy that, in 
2008-10, this atherinid was caught for the first time in the Leschenault Estuary, 
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c. 90 km to the south of the Peel-Harvey, representing a southwards extension of the 
distribution of this tropical species, presumably in response to increasing coastal water 
temperatures along the south-west coast of Australia over the last 50 years (see 
Chapter 2). There is thus clear evidence that increasing water temperatures are 
providing even more favorable conditions for this species in estuaries and facilitating an 
extension of its distribution range southwards.  
 
4.4.3 Overall trends in the composition of the ichthyofaunas  
 The differences in the compositions of the fish fauna, derived from data 
collected using the 102.5 m seine net in 1980-81, 1996-97 and 2008-10 and by the 
21.5 m net in the latter two periods were reflected, on the regional ordination plots, by 
the distinctness of the groups of points for the samples collected by the corresponding 
nets in each period (Fig. 4.8). The strong period effect was emphasized by the one-way 
ANOSIM tests, which yielded, for the 102.5 and 21.5 m nets, respectively, far greater 
Global R-statistic values for period (0.638, 0.602) than for either season (0.313, 0.317) 
or region (0.277, 0.374). 
 The relative influences of region and season on ichthyofaunal composition, 
derived from data collected using the 102.5 m net in 1981-81, 1996-97 and 2008-10, 
differed among the three periods. This is presumably related to the fact that, while the 
spatial distribution of species in an estuary, largely reflects the habitat preferences and 
differing responses to variations in physio-chemical conditions throughout an estuary, 
seasonal variations in compositions are also driven by the breeding cycles and thus the 
times and extent of recruitment and the movement patterns of marine 
estuarine-opportunist species (Claridge et al., 1986; Loneragan & Potter, 1990; Potter 
et al., 1997a; Whitfield, 1998; Mbande et al., 2005). Thus, the far greater seasonal 
influence on the ichthyofauna in 1996-97 (0.298) than in 1980-81 (0.072) was largely 
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driven by the patterns of seasonal movements of marine species from nearby marine 
waters into the estuary, as a result of the greater access provided by the opening of the 
Dawesville Channel (Young & Potter, 2003a, b). Furthermore, the reduced influence of 
region in 1996-97 was presumably attributable to the presence of elevated and more 
consistent salinities throughout the estuary (Fig. 4.3), which allowed more marine 
species to penetrate further into the basins (Young & Potter, 2003a, b) and to a 
reduction in habitat heterogeneity as a result of declines in macroalgal growth.  
 In contrast to 1980-81, the mean seasonal salinities in each region of the estuary 
typically remained at levels ≥ 20 throughout the year in both the 1996-97 and 2008-10 
periods. They did decline briefly, however, to far lower levels in the exceptionally wet 
winter of 1996 in the Eastern Peel (1.9) and Southern Harvey (2.6) (see Appendix 4.1). 
This is reflected in the ordination plots, derived from data for both nets in that winter, 
by outliers for the samples from those two regions, which both receive direct freshwater 
input from the Serpentine and Murray rivers and the Harvey river, respectively. As 
those changes in ichthyofaunal composition were of short duration and associated with 
unusually precipitous declines in salinity, the composition of the fish fauna in the winter 
of 1996 was not typical of that period as a whole. However, these results do 
demonstrate that faunal composition can change markedly in response to sudden abrupt 
changes in environmental conditions, but that, as a result of the construction of the 
Dawesville Channel and the introduction of strong tidal exchange between the estuary 
and the ocean, salinities return rapidly to elevated levels and, as a consequence, species 
composition at least partially returns to its former characteristics. The maintenance of 
high salinities throughout the estuary in 2008-10 and the majority of the time in 
1996-97, account for the faunas being consistently characterized by three species with 
marine affinities, i.e. T. pleurogramma, F. lateralis and L. presbyteroides, and 
particularly so in the most recent period (see Chapter 3). 
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 Unlike the situation in 1980-81 and 1996-97, when ichthyofaunal composition 
were driven by a strong regional and seasonal effects, respectively, the compositions of 
the fish fauna in 2008-10 were influenced to a similar extent by seasonal (i.e. R = 0.322) 
and regional effects (0.265). The fact that region was more influential in 2008-10 
(0.265) than in 1996-97 (0.153) is likely to be related, in part, to the influence of 
increases in the biomass of macroalgae and seagrass in different regions of the Harvey 
Estuary since the late 1990s, which resulted in a greater heterogeneity of habitat 
throughout the system. This provides evidence that ichthyofaunal composition of the 
Peel-Harvey Estuary is partially returning towards that of the early 1980s, when the 
estuary contained massive amounts of macroalgae (Lenanton et al., 1985; Loneragan 
et al., 1986). Due to the broad range of environmental changes undergone in the 
Peel-Harvey Estuary over the last 30 years as a result of both human activity and natural 
trends and fluctuations, the results for 2008-10 thus represent a new baseline or 
reference point for future studies. Indeed, a key component to managing estuarine 
ecosystems is recognizing that they often exhibit shifting baselines or alternative stable 
states (Beisner et al., 2003; Elliott et al., 2007a; Scheffer et al., 2001).  
  Although ichthyofaunal composition was related far more to region in 2008-10 
than in 1996-97, the seasonal effect was at least as influential in the more recent period. 
It may thus be relevant that marine stragglers and marine estuarine-opportunists, such as 
H. semifasciata, G. marmoratus, S. argus, P. octolineatus and S. punctatus, were more 
abundant in 2008-10 than in 1996-97 and that these species are typically associated with 
seagrass in areas nearest to the Dawesville Channel and where seagrass is far more 
prevalent than in the previous period (Pedretti et al., 2011). This would have augmented 
the effects of the strong tidal action through the Dawesville Channel, which facilitates 
the immigration and emigration of species.  
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4.4.4 Regional compositions of the ichthyofaunas  
 In all but one region of the Peel-Harvey Estuary, i.e. the Northern Harvey, the 
ichthyofaunal composition in 2008-10 was more similar to that in 1996-97 than 
1980-81. This reflects, in part, the presence of very large numbers of the marine 
estuarine-opportunist T. pleurogramma throughout all five regions of the estuary in 
1996-97 and 2008-10. This species spawns between early and mid-summer in nearby 
marine waters and recruits into -estuaries during July-August (Potter et al., 1988). The 
large increases in tidal exchange following the opening of the Dawesville Channel and 
subsequent increases in salinity throughout the Peel-Harvey Estuary would have 
produced conditions suitable for T. pleurogramma to remain in this system for an 
extended period. The highly opportunistic feeding behaviour of this species and thus an 
ability to vary its diet according to the availability of potential prey in the environment 
(Potter et al., 1988), further accounts for its high abundance throughout the estuary. It is 
noteworthy that this species can remain for up to seven years in the Swan-Canning 
Estuary (Potter et al., 1988). However, the abundances of T. pleurogramma in this 
system did vary among years in the early- to mid-1980s, due to marked inter-annual 
variations in the strength of recruitment of 0+ fish (Potter et al., 1988). Thus, the 
densities of this species in the Swan-Canning Estuary, and possibly also in the 
Peel-Harvey Estuary, are determined, to some extent, by factors that influence spawning 
success in the marine environment, and which are thus extrinsic to those in the estuary. 
 The fact that ichthyofaunal composition differed most among periods in the 
Eastern Peel (0.860), presumably reflects the influence of the substantial changes 
undergone in the physiochemical conditions of this region of the estuary over the last 
three decades. Thus, as the Eastern Peel receives direct freshwater input from two of the 
three main tributaries, i.e. the Murray and Serpentine rivers, the decline in freshwater 
discharge over the last 30 years (Appendix Fig. 1) has resulted in less marked declines 
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in salinity in this region during winter and spring in one year of 1996-97 and in both 
years in 2008-10 (Fig. 4.3). It is therefore relevant that the Southwestern Goby 
A. suppositus, which is largely restricted to and most abundant in the upper and less 
saline reaches of other south-western Australian estuaries (Gill & Potter, 1993, Young 
et al., 1997; Hoeksema & Potter, 2006), characterized the faunas of this region in the 
earlier period, while the marine teleost T. pleurogramma typically dominated the 
ichthyofauna in 1996-97 and 2008-10.  
 The compositions of the fish faunas in 1996-97 and 2008-10 differed more in the 
Northern Harvey than in any other region of the estuary, which could be related to the 
biomass of seagrass in this area having undergone marked increases between 1996-99 
and 2009 (Pedretti et al., 2011). Thus, species such as O. rueppellii, G. marmoratus, 
A. elongata and Hyporhamphus melanochir which are associated with ‘plant’ material 
(Grant, 1972; Humphries & Potter, 1993; Linke et al., 2001; Travers & Potter, 2002; 
Noell, 2005), were all relatively more abundant in the Northern Harvey in 2008-10 than 
in 1996-97.  
 The trends exhibited by the compositions of the fish fauna, derived from data 
obtained using the 21.5 m seine net in 1996-97 and 2008-10, were similar to those 
described above for the 102.5 m net in these two periods. Thus, the compositions in the 
Northern Harvey in 1996-97 and 2008-10 differed markedly (R = 0.750) and, as with 
the 102.5 m net, these differences were largely attributable to greater densities of ‘plant’ 
associated species in the more recent period. As with the 102.5 m seine net, the fish 
compositions in the Southern Harvey and Eastern Peel differed between 1996-97 and 
2008-10, due mainly to the presence of greater numbers of species with ‘marine’ 
affinities in the latter period. This possibly relates to the fact that, unlike in the winter of 
1996 when salinities declined markedly, those in 2008-10 were always above 20, due to 
the absence of substantial freshwater discharge.  
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 As with the 102.5 m seine net, the ichthyofaunal compositions in the Mandurah 
Channel in 1996-97 and 2008-10 differed substantially (R = 0.563), but not to quite the 
same degree as with the 21.5 m net (R = 0.813). However, the trends exhibited by the 
typifying species for the channel in each period differed in the case of H. vittatus for 
example, with this species being relatively more abundant in 1996-97 than in 2008-10 
when using the 21.5 m net, whereas the reverse was true for the 102.5 m seine net. As 
the vast majority of the individuals of this clupeid species were typically caught in one 
or two seine net samples, this inter-period difference could probably reflect its extreme 
schooling behavior. 
 The absence of any inter-period difference in the ichthyofaunal compositions in 
the Western Peel, in the case of the data derived from either seine net, could reflect the 
fact that the corresponding mean seasonal salinities were relatively similar and high in 
each period (Fig. 4.3). The similarity in the salinity regimes in the Western Peel across 
periods reflects the fact that this region has always directly received sea water from the 
Mandurah Channel and does not receive direct freshwater input from the main 
tributaries in the Peel Inlet, i.e. the Murray and Serpentine rivers. The presence of 
substantial numbers of two species associated with weed in 1980-81 and 2008-10, 
i.e. G. marmoratus and O. rueppellii, is consistent with the fact that the Western Peel 
contained substantial biomasses of macroalgae and/or seagrass.  
 In summary, this study provided a unique opportunity to compare detailed 
quantitative data on the characteristics of the ichthyofauna in a large microtidal estuary 
in south-western Australia, covering three consecutive decades, during which this 
system underwent extensive anthropogenic and environmental changes. Indeed, while 
many systems have experienced extreme eutrophication, there have been no attempts to 
ameliorate this problem anywhere else in the world by adopting such large-scale 
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engineering modifications as those involved by the construction of the Dawesville 
Channel in the Peel-Harvey Estuary.  
 The presence of greater tidal action and thus more consistently elevated 
salinities throughout the estuary since the opening of the Dawesville Channel, allied 
with recent reductions in freshwater discharge, has led to a progressive increase in 
marine species in the Peel-Harvey Estuary and thus to changes in species composition 
from 1980-81 to 1996-97 and to 2008-10. Extreme levels of freshwater discharge can 
counteract the effects of such enhanced tidal exchange and temporarily lead to transient 
marked changes in salinity in the basins nearest to the river mouths and thus to shifts in 
the characteristics of their fish faunas. A reduction in plant material between 1980-81 
and 1996-97 and then an increase in 2008-10 was accompanied firstly by a decline in 
fish densities and then an increase in predominantly weed and/or seagrass- associated 
species, e.g. P. octolineatus and O. rueppellii. Compositions changed from being 
mainly influenced by region in 1980-81 to be driven more by seasons in 1996-97 to 
being equally influenced by seasonal and regional effects in 2008-10. These 
comparisons show that the characteristics of the ichthyofauna of the Peel-Harvey 
Estuary have changed in response to different anthropogenic and other changes, and 
imply that they will continue to do so as the system faces new pressures associated with 
increased urbanisation and climate change.   
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4.5 Appendices 
 
Figure 4.1. Mean annual freshwater discharge (ML) recorded across a number of 
different monitoring sites at various locations along the Murray, Serpentine and Harvey 
rivers of the Peel-Harvey Estuary between 1980 and 2010. The straight horizontal lines 
represent the overall mean freshwater discharge recorded within the given sets of years. 
Data was provided by the Department of Water.  
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CHAPTER 5 
Biology of the Western Striped Grunter Pelates octolineatus in coastal 
marine embayments and the Peel-Harvey Estuary  
 
5.1 Introduction 
The fish faunas of estuaries in temperate regions of the northern and southern 
hemispheres are dominated by marine species, both in terms of species richness and 
overall abundance (e.g. Haedrich, 1983; Potter et al., 1990; Elliot & Dewailly, 1995; 
Mbande et al., 2005; Able & Fahay, 2010). Those species that enter estuaries regularly 
and in substantial numbers are termed marine estuarine-opportunists (Potter & Hyndes, 
1999; Elliot et al., 2007b) and are typically represented in estuaries predominantly by 
their juveniles. Thus, these systems constitute important nursery areas for such species. 
The high productivity of estuaries (Schelske & Odum, 1961; Whitaker & Likens, 1975; 
Mann, 1982) potentially enables the juveniles of marine-opportunists to grow faster 
than in their less productive, natal marine environment. This enables these juveniles to 
rapidly attain a size that reduces their susceptibility to predation and thereby sustain a 
greater standing stock (Blaber & Blaber, 1980; Kennish, 1990; Sogard, 1992; Hesp 
et al., 2004; Potter et al., 2011).  
The larvae and juveniles of marine estuarine-opportunist fish species in 
temperate, macrotidal regions of the northern hemisphere are frequently transported into 
and through estuaries by passive and/or selective tidal transport (Fortier & Leggett, 
1982; Aprahamian & Barr, 1985; Boehlert & Mundy, 1988; Neuman & Able, 2003; 
Henderson & Bird, 2010). Irrespective of their mode of recruitment, however, the 
juveniles of marine opportunistic species tend to remain in macrotidal estuaries for a 
restricted period, with the phasing of that period varying between species (Claridge 
et al., 1986; Thiel et al., 2003; Able & Fahay, 2010). In contrast, marine 
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estuarine-opportunists in temperate microtidal regions of the southern hemisphere, such 
as south-western Australia, do not have the benefits of a strong net upstream estuarine 
flow to facilitate the rapid transport of larvae and they thus actively move through these 
systems mainly as juveniles. Furthermore, such juveniles typically spend many months 
or even one to three years in the estuary, e.g. as occurs with, Torquigener 
pleurogramma, Mugil cephalus, Aldrichetta forsteri and Pomatomus saltatrix (Chubb 
et al., 1981; Potter et al., 1983; Potter et al., 1988) and do not therefore exhibit the 
markedly seasonal migratory movements into and out of the estuary of their northern 
hemisphere counterparts. The far more protracted duration of occupancy is presumably 
related at least, in part, to the much weaker tidal water movements and thus any 
resultant stimuli for migration in these microtidal estuaries.  
Following the completion of their juvenile phase, many marine opportunistic 
species in both the northern and southern hemispheres move out into deeper waters 
along the coast where they then spawn, e.g. A. forsteri (Thomson, 1955), M. cephalus 
(Chubb et al., 1981), T. pleurogramma (Potter et al., 1988), Sillaginodes punctatus 
(Hyndes et al., 1998), P. saltatrix and Clupea harengus (Able & Fahay, 2010; 
Woodland et al., 2012). Although many of these marine species also use protected 
coastal waters as nursery areas (Chubb & Potter, 1984; Hyndes et al.,1998; Smith & 
Suthers, 2000), there have been few detailed comparisons of the biological 
characteristics of such assemblages with those of the same species in neighbouring 
microtidal estuaries of the southern hemisphere in which they often remain for a 
protracted period. One such example is provided, however, by studies on the Tarwhine 
Rhabdosargus sarba by Hesp (2003) and Hesp et al. (2004). Those studies 
demonstrated that this species spawns in both the lower reaches of the Swan-Canning 
Estuary and adjacent marine waters in south-western Australia and exhibits size-related 
changes in habitats in three different environments, i.e. the lower reaches of this 
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temperate estuary and nearby coastal waters and in the subtropical waters of Shark Bay. 
Furthermore, the individuals of this species have faster growth rates in the estuary than 
in nearby coastal waters (Hesp et al., 2004). 
During the 1960s to early 1990s, the Peel-Harvey Estuary, which is the largest 
estuary in south-western Australia, became highly eutrophic through the input of large 
volumes of nutrients from surrounding agricultural land, resulting in the production of 
massive blooms of macroalgae (see Chapters 3 & 4; Birch, 1982; McComb, 1985). This 
would help account for two weed-associated species, the Western Striped Grunter 
Pelates octolineatus (previously, often erroneously referred to as Pelates sexlineatus in 
south-western Australia) and the Western Gobbleguts Ostorhinchus rueppellii, being 
the most abundant teleost species in this system during this period (Potter et al., 1983a, 
b; Loneragan et al., 1986).  
In 1994, the opening of the large artificial entrance channel in the Peel-Harvey 
Estuary greatly enhanced tidal exchange between the estuary and the ocean and thus the 
flushing of nutrients out of this system. The resultant marked increase in salinities and 
reduction in macroalgal biomass (Wilson et al., 1999) was accompanied by changes in 
the composition of the ichthyofauna, which included a substantial decline in the relative 
abundance of P. octolineatus and O. rueppellii (Young & Potter, 2003a). A study by 
Pedretti et al. (2011) demonstrated that the biomass of both macroalgae and seagrass in 
the Peel-Harvey Estuary was far greater in 2009 than recorded by Wilson et al. (1999) 
in 1996 to 1999, with seagrass being particularly abundant in the Northern Harvey and 
Western Peel Inlet (Fig. 5.1), whereas macroalgae was most prolific in the more distal 
regions of the Peel Inlet and Harvey Estuary.  
The Terapontidae (Grunters or Tigerperches) contains approximately 48 fish 
species representing 16 genera, which are widely distributed in the marine coastal, 
brackish and freshwaters of the Indo-West Pacific from Africa to Japan, Fiji and Samoa, 
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with some of these species being particularly abundant in Australian waters (Potter 
et al., 1990; Morgan et al., 2004; Nelson, 2006). The wide range of environments 
occupied by terapontids can be attributed, at least in part, to their ability to feed on the 
different food sources available in each of those environments and for this to apply even 
among populations of a single species (Sanchez-Jerez et al., 2002; Davis et al., 2011; 
Heithaus et al., 2011). For example, Pelates sexlineatus feeds predominantly on 
macroalgae in numerous coastal bays along the southern coast of eastern Australia 
(Edgar & Shaw, 1995c), while similar-sized individuals of this species in six estuaries 
in eastern Australia ingest mainly crustaceans (Sanchez-Jerez et al., 2002). Despite 
these intraspecific differences in diets, seagrass does constitute a particularly important 
nursery habitat for both Pelates sexlineatus in eastern Australia (Smith & Suthers, 2000) 
and it’s essentially sub-tropical congener P. octolineatus towards the lower end of its 
range in temperate south-western Australia (Valesini et al., 1997, 2004). In the case of 
P. sexlineatus, Smith & Suthers (2000) found that the young juveniles of this species 
settle in shallow, fine-scale seagrass beds, i.e. Zostera, and then, as they increased in 
age and size, moved out into deeper waters over larger-scale seagrass, i.e. Posidonia 
(K. Smith, pers. comm.). Although the catches of P. octolineatus obtained by trawling 
in a study of the fish faunas along the lower west coast of Australia, in water depths of 
5-15 m and 1-4 km from the shore, were low, they did contain individuals of a large size 
(Hyndes et al., 1999). This indicates that P. octolineatus migrates into deeper waters 
and further from the shore as it increases in size and age.   
Although the P. octolineatus caught during a study of the fish fauna of the 
Peel-Harvey Estuary in the early 1980s were not aged, it was evident from the trends 
exhibited by the length-frequency distributions that, during winter, when salinities and 
water temperatures declined (Potter et al., 1983b), the abundance of the larger and thus 
presumably older individuals of this species declined markedly. Despite the very 
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substantial abundance of terapontids in various regions and a diverse range of 
ecosystems, the age composition, growth and reproductive biology of such species have 
been studied in detail only in the case of Amniataba caudavittata in a south-western 
Australian estuary. In that study, an inability to use the growth rings in whole otoliths to 
age individual fish older than 18-22 months meant that the analysis of age compositions 
and growth had to be based on modal progression analyses employing length-frequency 
data (Wise et al., 1994). Those data still clearly revealed, however, that the growth of 
this sub-tropical terapontid was highly seasonal in this temperate estuary, with growth 
being greatest in the warmest months of the year. 
During this thesis, samples of P. octolineatus were obtained from nearshore, 
shallow (≤ 2 m) and deeper, more offshore (c. 2-15 m) waters in two coastal marine 
embayments and the Peel-Harvey Estuary, slightly further south on the lower west coast 
of Australia. The resultant data were used to determine the size and age compositions, 
growth and reproductive characteristics of this marine-opportunist species in the above 
environments. The next two paragraphs outline the main aims of the studies of 
P. octolineatus firstly in the marine embayments and then in the Peel-Harvey Estuary.  
The analyses were aimed initially at confirming that, as P. octolineatus increases 
in size in coastal marine waters, it moves from its nursery areas in seagrass meadows 
into deeper waters as it approaches maturity.  Emphasis was placed on determining the 
sizes and ages at which P. octolineatus moves offshore, attains maturity, and on 
ascertaining the timing of gonadal recrudescence and spawning. These data were used 
to test the hypothesis that, as with many teleosts (Lam, 1983; Potter et al., 1994; 
Fairclough et al., 2000; Coulson et al., 2005), these latter reproductive characteristics 
are related to increasing water temperature. The length-at-age data for P. octolineatus 
were next used to determine whether this species, like A. caudavittata, exhibits seasonal 
growth and, if so, is the growth of P. octolineatus better described by employing 
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seasonal growth models, including one that specifically takes into account the influence 
of water temperature.  
In the case of P. octolineatus in the Peel-Harvey Estuary, emphasis was placed 
on determining the length and ages at which it enters and leaves this system and 
whether the timing of emigration is related to the trends exhibited by salinity, water 
temperature and gonadal status. The hypothesis that the increase in seagrass and 
macroalgae between 1996-1999 and 2009 has led to an increase in the abundance of 
P. octolineatus was also tested. The instantaneous daily growth rates of P. octolineatus 
in the estuary were compared with those in the marine embayments to test the 
hypothesis that these would be greater in the more productive waters of the estuary.  
 
5.2 Materials and Methods 
5.2.1 Sampling regime 
 Pelates octolineatus was sampled in the dense seagrass meadows (mainly 
Posidonia sinuosa) of the nearshore, shallow (<1.5 m) and highly sheltered waters of 
Mangles Bay at the southern end of the large marine embayment of Cockburn Sound. 
Prior studies had shown that this bay contains profuse growths of seagrass throughout 
its entirety and substantial numbers of P. octolineatus (DAL Science & Engineering, 
2003; Hesp et al., 2004; Valesini et al., 2004). This terapontid was also sampled in 
more patchy seagrass beds in offshore, deeper (c. 2–8 m) waters of Mangles Bay and in 
those of Safety Bay in the northern region of Warnbro Sound, just to the south of 
Mangles Bay (Fig. 5.1).  
 The dense seagrass meadows in Mangles Bay were sampled using a 21.5 m long 
seine net, which was 1.5 m in height and consisted of two 10 m long wings of 9 mm 
mesh and a 1.5 m bunt of 3 mm mesh, and covered an area of 116 km
2
. The net was laid 
parallel to the shore and the ends of its wings pulled inwards to form a semi-circle and  
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Figure 5.1. Map of the coast of south-western Australia, with the vertical rectangular 
box showing the region in which Pelates octolineatus was sampled. Open circles denote 
sites sampled by seine netting in the Peel Inlet, Harvey Estuary and Mangles Bay, while 
closed circles denote sites sampled by rod and line fishing in the deeper waters of 
Mangles Bay and Safety Bay. Open squares denote samples obtained by commercial 
fishers.  
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then dragged onto the beach. The deeper waters of Mangles Bay and Safety Bay were 
sampled by boat-based rod and line fishing, using small long-shank hooks (size 8), and 
employing squid (Sepioteuthis australis) and prawns (Kishinouyepenaeopsis cornuta) as 
bait. Note that preliminary rod and line angling demonstrated there was no difference in 
the sizes of fish caught using a range of different sized hooks, i.e. c. size 12 to 4. 
Nearshore and more offshore waters in Mangles Bay were sampled monthly 
between March 2009 and February 2011, while the offshore waters in Safety Bay were 
sampled monthly between June 2009 and February 2011. Seine netting in each month 
was undertaken at three nearshore sites in Mangles Bay, c. 50 m apart, while rod and 
line fishing was conducted over an area of c. 1 to 2 km
2
 for 4–6 h at a distance of 
200-500 m from the shore. Note that the 21.5 m seine net was also used in three months 
in the nearshore waters of Safety Bay, which are far more exposed than those in 
Mangles Bay and do not contain seagrass meadows. This did not yield, however, any 
P. octolineatus, a finding consistent with the results of sampling these waters by 
Valesini et al. (2004). For convenience, Mangles Bay and Safety Bay are subsequently 
referred to collectively as the marine bays. 
 Nearshore, shallow waters of the Peel-Harvey Estuary were sampled in the 
middle of each season between winter (July) 2008 and summer (January) 2011 using the 
21.5 and 102.5 m seine nets (Fig. 5.1; see Chapter 3.2.2. for comprehensive details of 
sampling regime). The sampling regime for the estuary comprised four sites in the 
Mandurah Channel and in each of the two regions of both the Peel Inlet (western and 
eastern Peel) and Harvey Estuary (northern and southern Harvey). As preliminary 
sampling indicated that P. octolineatus was most abundant in the Western Peel and 
Northern Harvey, i.e. the regions nearest to the Mandurah and Dawesville channels, 
respectively, these regions were also sampled with the 21.5 m seine net in the other two 
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months of each season, thereby providing data that could be compared directly with 
those obtained using the same net in nearshore waters of Mangles Bay. 
The 102.5 m seine net, which comprised two 44.5 m long wings of 25 mm mesh 
and a 2.5 m long cod end of 9 mm mesh, covered an area of 1600 m
2
. Both nets were 
deployed either from the bank and pulled onto the shore or spread out from and then 
hauled into a boat when the water depth remained <0.5 m for some distance from the 
shore and thus, seine netting only became effective at a substantial distance (sometimes 
exceeding 150 m) from the shore.  The substrata in this estuary comprise sand and silt, 
with small patches of macroalgae, i.e. Chaetomorpha sp., and seagrass, i.e. Halophila 
ovalis, Ruppia megacarpa and Heterozostera sp. (Valesini et al., 2009; Pedretti et al., 
2011). 
 Pelates octolineatus was also obtained in March 2009 and January 2011 from 
the bycatch of a commercial fisher who uses gill nets in waters between the inner 
openings of the Mandurah Channel and the artificially-constructed Dawesville Channel 
(Fig. 5.1). The gill nets, which were used to target species larger than P. octolineatus, 
were 450 m in length and comprised 51 mm stretched mesh. This species was also 
occasionally sampled opportunistically, between December 2009 and March 2010, from 
the trawl catches of a commercial fisher, who operates between the late spring and late 
autumn at water depths of 8 to 13 m in the large and wide embayment of Comet Bay 
(Jones et al., 2010). Comet Bay is located c. 15 to 20 km south of Mangles Bay and 
Warnbro Sound and immediately north of the Mandurah Channel, which constitutes the 
natural entrance of the Peel-Harvey Estuary (Fig. 5.1). The commercial otter trawl, 
which contained a cod end made of 45 mm mesh, was towed three to four times per 
night for 60 to 80 min at a speed of c. 6.5 km h
-1
.   
The numbers of P. octolineatus in the samples obtained from each site using the 
21.5 m net in Mangles Bay and the 21.5 and 102.5 m nets throughout the Peel-Harvey 
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Estuary in each of the corresponding seasons of the year were subjected to separate 
one-way Analysis of Variance (ANOVA). The results of the three tests were used to 
ascertain whether relative abundances of this species in the nearshore waters of Mangles 
Bay and within the estuary changes significantly throughout the year. Two-way 
ANOVA was also employed to determine whether the mean numbers of P. octolineatus 
caught using the 102.5 m seine net in the Peel-Harvey Estuary in each corresponding 
season in 2008-10 differed significantly from those recorded in each corresponding 
season of 1980-81 and 1996-97. Prior to all analyses involving ANOVA, the numbers 
of fish were loge(X+1) transformed to overcome hetereoscedacity (see Chapter 2 for 
rationale in determining the appropriate transformations). When the one-way ANOVA 
tests detected a significant seasonal difference (i.e. P < 0.05), a Scheffé test was 
employed to ascertain the basis for that difference.  
The ways in which P. octolineatus use the Peel-Harvey Estuary during its life 
cycle were further explored by comparing the relative abundances of the different age 
classes of individuals that were aged in random subsamples from the Peel-Harvey 
Estuary in each corresponding season between the winter of 2008 and autumn of 2010. 
 
5.2.2 Age determination 
The total mass (M) and total length (TL) of each P. octolineatus were recorded 
to the nearest 0.01 g and 1 mm, respectively. The sagittal otoliths were removed from 
all P. octolineatus caught in each region in each month, except when, with seine netting, 
the sample size exceeded 100, in which case otoliths were removed from a random 
subsample consisting of 25-50 % of the fish. One of the pair of sagittal otoliths from 
each fish was cleaned and embedded in clear epoxy resin, cut transversely through the 
primordium into c. 0.3 mm sections employing a low speed diamond saw and mounted 
on microscope slides under glass cover slips using DePX mounting adhesive. Each 
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sectioned otolith was examined against a black background employing a Leica Mz7.5 
dissecting microscope and reflected light. A digital image of each sectioned otolith was 
taken with a Leica DC300 camera and analysed employing the computer imaging 
package Leica Application Suite (v. 3.0). This enabled the opaque zones to be readily 
identified and counted and precise measurements to be taken of the distances on otoliths 
required for marginal increment analysis (see below). The opaque zones in all otoliths 
with 1 or more such zones were counted, except for a few otoliths (< 1 %), where the 
sections were of poor quality.  
The opaque zones in each sectioned otolith were counted twice, and also on a 
third occasion when those two counts were not the same. In the latter cases, which 
occurred with only ~ 5 % of the otoliths, the third count was always the same as one of 
the first two counts and was thus the one used for ageing. The level of precision 
between the final counts and those obtained independently on single counts by a second  
experienced otolith reader (P. Coulson) was assessed for a subsample of 200 otoliths 
that covered a wide size range of fish. This involved using the coefficient of variation 
(CV), where CVj is the age precision estimate for the jth fish, Xij is the ith age 
determination of the jth fish, Xj is the mean age estimate of the jth fish, and R is the 
number of times each fish is aged (Campana, 2001). The resultant overall CV for all fish 
of 3.7 % demonstrates that there was strong agreement between the counts of the two 
readers, even though the second reader only counted the zones in each otolith once.  
The trends exhibited throughout the year by the mean monthly marginal 
increment, i.e. the distance between the outer edge of the single or outermost opaque 
zone and the otolith periphery (using a subsample of c. 900 otoliths) were examined to 
ascertain whether a single opaque zone is formed annually in the otoliths of 
P. octolineatus. The marginal increment was expressed as a proportion of either the 
distance between the primordium and the outer edge of the single opaque zone in 
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otoliths with only one such zone, or as the distance between the outer edges of the two 
outermost opaque zones in otoliths with two or more such zones. All distances were 
measured to the nearest 0.01 mm and along the same axis, perpendicular to the opaque 
zones and on anterior side of the otolith near the sulcus.  
The marginal increment data for each calendar month between March 2009 and 
March 2011 were pooled. Each individual was assigned an age based on its date of 
capture, the number of opaque zones on its otolith, the time of year when opaque zones 
typically become delineated from the otolith periphery and a designated “birth” date of 
1 December, which represented the approximate mid-point of the spawning period 
(see 5.3.8).  
 
5.2.3 Growth 
 The lengths at age of the small P. octolineatus, i.e. < c. 100 mm TL in Mangles 
Bay and the Peel-Harvey Estuary and whose sex could not generally be determined 
macroscopically were assigned randomly, but in equal proportions, to the female and 
male data sets for those two environments.  
 The traditional von Bertalanffy growth curve      {     ( [ (     )]), 
where    represents the length of the j’th fish, which has age   ,    is the asymptotic 
length, k is the von Bertalanffy growth coefficient and    is the age at which the length 
of the fish is expected to be zero, was fitted to the length at age of both the females and 
males of P. octolineatus in the marine bays. As this curve did not provide a good fit to 
the lengths at age of the older fish (see Results), this growth model was enhanced by 
introducing a linear increase in the growth coefficient, k, with age,  
i.e.         (     ), thereby allowing an exploration of whether the length-at-age 
data would be described more accurately by such a curve, which allows for increased 
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curvature of length at age with increasing age. This enhanced von Bertalanffy growth 
model had the form,  
      {     ( [(     [     ])(     )])}. 
 The model was extended further to account for the possibility that the growth of 
P. octolineatus was is seasonal, as indicated by a preliminary examination of the 
distribution of the points for the lengths at age vs age. Preliminary attempts to fit models 
of the forms described by Porch et al. (2002) and McGarvey et al. (2002) to the data 
using Auto Differentiation Model Builder (ADMB; Fournier et al., 2012) failed since, 
in each case, the software converged to points in the parameter space at which the 
Hessian was not positive-definite. To overcome a deficiency in much earlier seasonal 
growth models and thus ensure that the parameter    would represent the age at which 
the expected length of the fish would equal zero, Somers (1988) had proposed the 
following extension of the traditional von Bertalanffy model to describe seasonal 
growth.  
      {     ( [ {      (
 
  
) ( (  )   (  ))}])}, 
where,  ( )     [  (    )], C is a constant, and    serves as the phase that shifts the 
sine curve with respect to the age t. That is,    determines the time within the year at 
which growth is at a maximum or minimum. In this model, C is constrained to values 
between 0 and 1. As noted by Akamine (2009), the improvement to model structure by 
Somers (1988) was subsequently incorporated in other seasonal growth models, such as 
those developed by Porch et al. (2002) and McGarvey et al. (2002). In the current study, 
the Somers (1988) model was modified to allow for the proposed linear trend in k with 
respect to age. Thus, with a slight change in the symbols used, 
     {     ( [(     [    ]) (     
 
  
[ ( )   (  )])])}. 
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Attempts to fit this form of model to the lengths at age data for P. octolineatus using 
ADMB proved successful, with the model converging to a point in the parameter space 
at which the Hessian was positive definite.  
 The function  ( ) may be considered to represent any periodic function of age t 
with an annual cycle, e.g. water temperature. Cubic splines with twelve month periods 
were fitted to the mean monthly water temperatures for both the marine bays and the 
Peel-Harvey Estuary from which the fish had been collected, allowing the expected 
water temperature that fish of age t were likely to experience in each environment to be 
calculated. The predicted values of water temperature were scaled to lie in the range -1 
and 1. For this, if  ( ) represents the scaled temperature at the time of the year when 
the fish has an age of t, then 
 ( )  
                     
               
, 
where Tempmin and Tempmax are the minimum and maximum of values predicted by the 
cubic spline at any time within the twelve month period, and Temp is the value of 
temperature predicted by the fitted cubic spline. From this, by setting  ( )   (    )  
to represent the periodic function of temperature used in the above seasonal growth 
model, the model expresses the influence of temperature on the growth of the fish. It 
was not possible, however, to express the temperature-driven model within the ADMB 
framework due to the use of the cubic spline. The four growth models, i.e. the 
traditional von Bertanffy growth model, the enhanced von Bertalanffy growth model, 
the sine-curve based seasonal model and the temperature-related seasonal model, were 
therefore all fitted by maximising the log-likelihood using the statistical software 
program, R (R Core Team, 2012), to the lengths at age for (1) females, (2) males and (3) 
all fish in the marine bays, and (4) females and (5) males and (6) all fish in the estuary. 
 The log-likelihood was calculated as        [  (  )    (    )   ], 
where n is the number of observations and SS is the sum of squared deviations of the 
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observed from the predicted lengths at age. Instantaneous rates of change of length with 
respect to age were calculated from the fitted growth curves for ages covering the 
observed age ranges for P. octolineatus. All growth models were constrained to ensure 
that growth rates did not become negative, i.e. fish did not shrink. Trends in residuals 
from the fitted models were examined to assess whether the curves adequately described 
the distributions of the lengths at age. A bootstrapping analysis was undertaken within 
the software package R for these data sets, by drawing 200 random samples (with 
replacement) from the data and refitting the model. The 2.5 and 97.5 percentiles of the 
resulting parameter estimates were accepted as approximate 95 % confidence limits for 
the parameter.  
 For each data set, likelihood-ratio tests were used to compare the enhanced von 
Bertalanffy growth model with the traditional growth model, and both the sine-curve 
based and temperature-driven seasonal growth models with each of the first two models. 
Such comparisons were appropriate as the less complex growth models were nested 
within the more complex models, i.e. they were specific cases obtained by fixing 
selected parameters to zero. The quality of fits provided for each data set by the 
(non-nested) sine-curve based and temperature-driven seasonal growth models were 
compared by calculating the Akaike’s Information Criterion (AIC; Akaike, 1973), with 
the model that produced the lowest value of AIC being considered as the one that 
provided the best description of the lengths at age for P. octolineatus. The standardised 
residuals for each analysis were calculated and plotted against age to determine whether 
the growth curves deviated systematically from the observed lengths at age. The 
likelihood-ratio test was also employed to compare the growth of females with males in 
each environment. 
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5.2.4 Reproduction  
The gonads of each P. octolineatus > c. 100 mm TL were removed, weighed to
the nearest 0.01 g and, on the basis of their macroscopic appearance, assigned to one of 
the following maturity stages, which were based on the criteria in Laevastu (1965): 
I = virgin, II= immature/resting, III= developing, IV= maturing, 
V/VI= prespawning/spawning, VII= spent, VIII= recovering/spent. A cut-off point of 
100 mm was chosen as this was the approximate length above which all fish could be 
sexed.   
 Five ovaries and testes of P. octolineatus at each gonadal stage in each month 
were subjected to histological examinations to confirm that they had been appropriately 
staged. These gonads were placed in Bouin’s fixative for 24 to 48 h, depending on their 
size, and then dehydrated in a series of increasing concentrations of ethanol. The 
mid-regions of these gonads were embedded in paraffin wax and cut into 6 m 
transverse sections, which were then mounted on microscope slides, stained with 
Mallory’s trichrome and examined using a compound microscope.   
Mean monthly gonadosomatic indices (   ) were calculated for P. octolineatus in 
the marine bays. The    of each female  141 mm and male  131 mm, i.e. the 
respective estimated lengths at which the two sexes attain maturity, was calculated as 
            ⁄     , where    = mass of the gonad (g) and    = total mass of the 
fish (g). The resultant values for each calendar month of the year were then pooled.  
To determine whether P. octolineatus has determinate or indeterminate 
fecundity, the diameters of 200 randomly-selected oocytes in the histological sections of 
two stage V (mature) ovaries from fish caught during the middle of the spawning period 
were measured to the nearest 0.01 µm using the computer imaging package Leica 
Application Suite (v. 3.0). Measurements were restricted to those ooctyes in which the 
nucleus was clearly visible, thereby ensuring that each oocyte had been sectioned 
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through its centre.  
 
5.2.5 Length and age at maturity 
The lengths at which 50 and 95 % of female and male P. octolineatus attain 
maturity (TL50 and TL95, respectively), and their 95 % confidence limits, were 
determined by logistic regression analysis. For this analysis, a fish caught during the 
spawning period was considered to possess “mature” gonads when its gonads were at 
one of stages III to VIII, which assumes that such fish were destined to become mature 
or had already reached maturity during that period (see Results). The probability, P, that 
a female or male P. octolineatus of length TL was mature was determined as: 
  {     [   (  )(       )(         )
  ]}
  
. This model was fitted employing 
maximum likelihood estimation using SOLVER in EXCEL. Resampling with 
replacement, similar to that described for the growth analyses, was employed to 
determine the 95 % confidence limits for the logistic parameters. Logistic regression 
analysis was also employed to calculate the ages at which 50 and 95 % of males and 
females first attain maturity, i.e. the A50 and A95, respectively.  
 
5.3 Results 
5.3.1 Validation of ageing 
 Alternating opaque and translucent zones were clearly visible in sectioned 
otoliths of P. octolineatus (Fig. 5.2). The region surrounding the primordium of the 
otolith is large and opaque and the first translucent zone is relatively wide and diffuse. 
The opaque zones are most defined on the dorsal side of the otolith. The otoliths of the 
new 0+ (year old) recruits caught in mid-summer (January), when they measured 
15-55 mm TL, clearly did not contain an opaque zone and this was also true in the 
immediately ensuing months for that age class, which was discrete in the monthly 
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Figure 5.2. Transverse sectioned otoliths of Pelates octolineatus with (a) 1, (b) 2, (c) 3, 
(d) 4 and (f) 9 opaque zones (denoted by white points). The large central opaque region 
in each section can also be seen. Scale bars = 0.5 mm. 
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length-frequency histograms (see later in Figs 5.8, 5.9). An opaque zone was first 
detected near the periphery of the otoliths of a few early 1+ individuals of 
P. octolineatus in early summer (December), when that cohort measured 74-93 mm TL 
and was still readily identifiable from other cohorts in the length-frequency histograms. 
A single opaque zone was visible on the majority of otoliths of this cohort in the 
following month, i.e. January. The first opaque zone is thus laid down during the first 
winter and early spring of life.   
 The mean monthly marginal increment for otoliths with 1 opaque zone declined 
precipitously from a maximum of 0.28 in November to a minimum of 0.14 in January 
and then increased progressively during the ensuing months (Fig. 5.3). The trends 
exhibited throughout the year by the mean monthly marginal increments for otoliths 
with a greater number of opaque zones were similar, but fell to their minima slightly 
later, i.e. in February for otoliths with 2 or 3 zones and in March with those with ≥ 4 
opaque zones (Fig. 5.3). The single pronounced decline and rise in the mean monthly 
marginal increments of all otoliths, irrespective of the number of opaque zones, 
demonstrates that only one opaque zone is formed in the otoliths of P. octolineatus 
during each year and that the number of opaque zones in these otoliths can thus be used 
for ageing this species.   
 
Marine Bays 
5.3.2 Water temperature and salinity in the marine bays 
 Mean monthly salinities in the coastal offshore waters of Mangles Bay and 
Safety Bay were similar throughout the year, ranging between 32.4 and 36.5 (data not 
shown). Mean monthly water temperatures in the coastal marine bays increased from a 
minimum of 14.2°C in July to a maximum of 25.1°C in February and then declined 
sequentially in the ensuing months (Fig. 5.4).  
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Figure 5.3. Mean monthly marginal increments ± 1 SE on sectioned otoliths of Pelates 
octolineatus with different numbers of opaque zones. Sample sizes are shown above 
each mean. In this figure and in Fig. 5.4, closed rectangles on the x-axis refer to winter 
and summer months and open rectangles to spring and autumn months. 
 
 
 
 
 
 
Figure 5.4. Mean water temperature ± 1 SE in the coastal marine bays of Mangles Bay 
and Safety Bay in each calendar month from March 2009 to February 2011. 
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5.3.3 Abundance and length and age compositions of Pelates octolineatus in the 
marine bays  
 The mean number of P. octolineatus caught using the 21.5 m seine net in the 
shallow seagrass beds of Mangles Bay was relatively low in summer (Fig 5.5) and then 
rose markedly in autumn following the completion of spawning, reflecting the 
recruitment of large numbers of new 0+ recruits into these sheltered waters. The mean 
numbers of P. octolineatus declined in winter and increased only slightly in spring. 
Although the mean number of P. octolineatus recorded in autumn was far greater than 
in all other seasons, the catches in this month were highly variable, which accounts for 
the one-way ANOVA (P > 0.05) failing to detect a significant difference among 
seasons. The mean total length of P. octolineatus increased from 47 to 60 mm between 
summer and autumn, and remained at about this length during winter, before reaching 
66 mm in spring (Fig. 5.5).  
 The TL of the P. octolineatus caught by the 21.5 m seine net in the dense 
seagrass of nearshore, shallow waters of Mangles Bay ranged from 12 to 162 mm 
( ̅ = 57 mm), with the vast majority being <100 mm and represented by a modal length 
class of 50 to 74 mm (Fig. 5.6a). The samples were dominated by 0+ fish (94 %) and 
contained only a few 1+ fish and one 2+ fish (Fig. 5.6c). The TL of female and male 
P. octolineatus, caught by rod and line fishing in water depths of c. 3 to 8 m in the 
coastal marine bays, ranged from 124–256 mm ( ̅ = 195 mm) and 113-240 mm 
( ̅ = 186 mm), respectively. While the modal length class of both females and males 
was the same, i.e. 175 to 199 mm, the proportion of females in each length class was 
always greater than that of males (Fig. 5.6b). Both sexes in rod and line catches from 
the marine bays belonged predominantly to the 1+ to 3+ age classes and produced a 
pronounced modal age class of 2+ years. The samples also contained, however, a 
number of 4+ to 6+ fish and a few 7+ to 10+ fish (Fig. 5.6d). The maximum ages of  
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Figure 5.5. The mean number (bars) and mean total length (●) ± 1 SE of Pelates 
octolineatus caught using the 21.5 m seine net in nearshore, shallow waters of Mangles 
Bay in each season. Samples were collected between autumn (March) 2009 and summer 
(February) 2011, with the sequence on the figure commencing in summer when the first 
0+ fish were caught and with the data for the corresponding seasons in the two years 
pooled.  
 
 
 
Figure 5.6. Length and age-frequency distributions for Pelates octolineatus caught by 
the 21.5 m seine net (a, c) and rod and line (b, d) in coastal marine bays. White 
histograms, fish not sexed; grey histograms, males; black histograms, females. 
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female and male P. octolineatus were 10.2 and 9.2 years, respectively. 
The 0+ cohort of P. octolineatus was first caught in the seagrass meadows of 
Mangles Bay in December, when it was represented by a few fish with lengths of only 
14-19 mm, and then by far larger numbers in subsequent months (Figs 5.7, 5.8). The 
modal length class of that cohort in the seine net samples increased from 20-29 mm in 
January to 50-59 mm in April and remained at that level until October, before 
increasing to 59-60 (males) and 60-69 mm (females) in November and then markedly so 
to 80-89 mm in December as the fish became 1+ years old. The seine net samples 
contained only a few 1+ fish in January and February and none in subsequent months 
(Figs 5.7, 5.8).   
 The 1+ age class of the females and/or males of P. octolineatus was caught in 
variable numbers by rod and line fishing in the deeper waters of the marine bays in 
every month except December and January (Figs 5.7, 5.8). In months when 1+ fish were 
abundant, the mid-points in the length-frequency distributions for that age class lay to 
the left of those of the 2+ fish, which in turn were to the left of the 3+ year class, but 
with the length distributions of successive age classes showing considerable overlap. 
 
5.3.4 Growth of Pelates octolineatus in the marine bays 
The traditional von Bertalanffy growth curve passed above the points for the 
older females and males of P. octolineatus in the marine bays (cf Figs 5.9a, 5.10a). 
Although the enhanced von Bertalanffy curve resolved the problem at the upper end of 
the growth curves, it did not describe the seasonal changes in growth that were clearly 
apparent from the trends exhibited by the lengths at age as fish increased in age. The 
sine-curve based and temperature-related seasonal growth models both captured the 
seasonal changes in the lengths at age of both females and males (Figs 5.9b, 5.10b). 
 Comparisons of the residual plots (Figs 5.9c-f, 5.10c-f) and AIC values for the 
two seasonal growth models for the females and males in the marine embayments with 
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Figure 5.7. Monthly length-frequency distributions for different age classes of female 
Pelates octolineatus caught by the 21.5 m seine net and by rod and line fishing in 
coastal marine bays. n, sample numbers. Note that fish with TLs < 100 mm could 
usually not be sexed and thus the length data for females of this length were randomly 
and alternately assigned to the data set for this sex and the same approach was adopted 
for males in Fig. 5.8.  
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Figure 5.8. Monthly length-frequency distributions for different age classes of male 
Pelates octolineatus caught by the 21.5 m seine net and by rod and line fishing in 
coastal marine bays. n, sample numbers. 
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Figure 5.9. (a) Traditional (yellow) and enhanced (red) von Bertalanffy growth curves 
and the (b) sine-curve based (green) and temperature-related (blue) seasonal growth 
models, fitted to the lengths at age of female Pelates octolineatus in the marine bays. 
Residuals for each growth curve are shown in c-f in the respective colours. The 
P. octolineatus that could not usually be sexed (c. < 100 mm) were assigned randomly 
but in equal proportions to the female and male data sets. Note that in (b) of this figure 
and Fig. 5.10, the two seasonal curves are indistinguishable due to their similarity. 
 
those for the traditional and enhanced von Bertalanffy curves for the corresponding 
sexes (Table 5.1) demonstrated that the fits to the lengths at age of both sexes are 
improved by using a growth curve that accommodates a seasonal effect. This conclusion 
was confirmed by the results of likelihood-ratio tests that compared the first two models 
with each of the latter two models (all P values < 0.001). Comparison of the AIC values 
for the two seasonal growth curves for the females and males of P. octolineatus in the 
marine bays demonstrated that the sine-curve based seasonal model (SC seasonal 
growth model) provided the better description of the relationships between the lengths
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Figure 5.10. (a) Traditional (yellow) and enhanced (red) von Bertalanffy growth curves 
and the (b) sine-curve based (green) and temperature-related (blue) seasonal growth 
curves, fitted to the lengths at age of male Pelates octolineatus in the marine bays. 
Residuals for each growth curve are shown below in c-f in the respective colours. The 
P. octolineatus that could not usually be sexed (c. < 100 mm) were assigned randomly 
but in equal proportions to the female and male data sets. 
 
at age and the ages of both sexes (Table 5.1). The SC seasonal growth model is thus 
used for subsequent comparisons of the growth curves for each sex.  
 The growth of the females and males of P. octolineatus in the marine bays 
differed significantly (P < 0.001), which is reflected in the fact that, on average, the 
lengths estimated using the SC seasonal growth model for females at ages 2, 3, 4 and 6 
years, were 157, 197, 211 and 214 mm TL, compared with 153, 188, 200 and 202 mm 
TL for males. These represent differences of only 2.5, 4.5, 5.4 and 5.6 %, respectively 
(Figs 5.9b, 5.10b). They are reflected in slightly higher estimates of L∞ for females than 
males (Table 5.1c). The SC seasonal growth model demonstrated that the vast majority 
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of growth of both sexes occurs between November and March, i.e. late spring to early 
autumn (Figs 5.7, 5.8) and during the first 3 years of life, by which age the females and 
males have reached c. 90 % of their respective maximum lengths. 
The instantaneous daily growth rates of females and males, predicted by the SC 
seasonal model and temperature-related curve, underwent similar and very pronounced 
seasonal changes, peaking in summer and declining to a minimum in winter (Fig. 5.11a, 
b). Note that the high frequency signal that is evident in the instantaneous daily growth 
rates for the temperature-related curve appears to be an artefact introduced by the use of 
a cubic spline, rather than a cubic smoothing spline to interpolate temperatures between 
average monthly temperatures (Fig. 5.11b). The maximum daily growth rate of females 
and males, employing the SC growth model, was greatest at c. age 1, i.e. c. 0.35 mm 
day
-1
, and subsequently declined with increasing age. Note that, as spawning occurs in 
summer, the new 0+ recruits were not caught in substantial numbers until late summer 
(Figs 5.8, 5.9).  
 
5.3.5 Gonadal development of Pelates octolineatus 
The macroscopic characteristics of each stage in the development of the ovaries 
and testes of the females and males of P. octolineatus and their corresponding 
histological characteristics are given in Tables 5.2 and 5.3, respectively. The 
histological characteristics of selected stages in ovarian and testicular development are 
illustrated in Figs 5.12 and 5.13, respectively. 
 In the marine bays, the mean monthly gonadsomatic index (   ) for females and 
males with lengths ≥ the respective values for the TL50 at maturity, rose progressively 
and markedly after August to reach a sharp peak in December and then fell 
precipitously to low levels in March (Fig. 5.14). Stage III (developing) and stage 
IV(maturing) ovaries and testes were found predominantly between August and 
189 
Table 5.1. Parameters (± 95 % confidence intervals), negative log-likelihood (NLL) and 
Akaike’s information criterion (AIC) for the fits for the (a) traditional and (b) enhanced 
von Bertalanffy growth curves, and the (c) sine-curve based and (d) temperature-related 
seasonal growth models, fitted to the lengths at ages of female and male Pelates 
octolineatus in the marine bays. L∞ is the asymptotic total length (mm), k is the growth 
coefficient (year
-1
), t0 is the hypothetical age (years) at which fish would have zero 
length, k1 and k2 represent the coefficients of the linear relationship of k with age, and C 
and tc relate to the seasonality in growth (see section 5.2.3). n, sample size. Note that the 
better fitting model has the lowest AIC.  
   FEMALES  MALES 
Model Parameter  Estimate 95 % CI  Estimate 95 % CI 
        
(a) Traditional von 
Bertalanffy 
L∞  255 (249, 261)  243 (237, 249) 
k  0.44 (0.42, 0.46)  0.43 (0.41, 0.45) 
 t0  -0.07 (-0.08, -0.05)  -0.10 (-0.12, -0.09) 
 NLL  12375   10997  
 
AIC 
 24759   22003  
        
(b) Enhanced von 
Bertalanffy 
L∞  217 (217, 217)  205 (205, 206) 
k1  1.18 E
-3 (6.45 E-4, 1.13 E-2)  1.07 E-3 (7.54 E-4, 9.46 E-3) 
 t0  -0.75 (-0.75, -0.72)  -0.78 (-0.79, -0.76) 
 k2  0.17 (0.17, 0.17)  0.17 (0.17, 0.17) 
 NLL  11854   10606  
 AIC  23717   21223  
        
(c) Sine-based  
seasonal  model 
L∞  215 (212, 217)  203 (200, 204) 
k1  0.13 (0.12, 0.19)  0.28 (0.26, 0.29) 
 t0  -0.44 (-0.47, -0.20)  -0.10 (-0.12, -0.10) 
 k2  0.18 (0.17, 0.19)  0.18 (0.17, 0.20) 
 C  0.99 (0.99, 1.00)  0.99 (0.99, 1.00) 
 tc  0.10 (0.09, 0.10)  0.09 (0.08, 0.09) 
 NLL  11565   10326  
 AIC  23144   20666  
        
(d) Temperature-related 
seasonal model 
L∞  215 (213, 216)  202 (200, 204) 
k1  1.66 E
-4 (1.49 E-4, 1.82 E-4   3.70 E-4 (3.51 E-4, 4.13 E-4) 
 t0  -0.75 (-0.75, -0.74)  -0.75 (-0.77, -0.73) 
 k2  0.19 (0.18, 0.19)  0.20 (0.19, 0.21) 
 C  1.18 (1.17, 1.18)  1.18 (1.17, 1.18) 
 tc  0.179 (0.18, 0.18)  0.18 (0.18, 0.18) 
 NLL  11623   10394  
 AIC  23273   20802  
        
 n  2851   2567  
 
Figure 5.11. Comparison of the relationships between the instantaneous rates of change 
in length, i.e. total length (mm) day
-1
, estimated using the (a) sine-curve based and (b) 
temperature-related seasonal growth models and the age of the fish for females (red 
lines) and males (blue line) of Pelates octolineatus in the marine bays.  
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Figure 5.12. Histological characteristics of different stages in the development of the 
ovaries of Pelates octolineatus; (a) I/II, virgin/ immature; (b) early III, developing; 
(c) IV, maturing; (d) V, pre-spawning; (e) VI, spawning; (f) VIII, recovering. 
p = previtellogenic oocytes; cn = chromatin nucleor oocyte; ca = cortical oocyte; 
h = hydrated oocyte; y = yolk granule oocyte; ld = lipid droplet; n = nucleus; 
w = ovarian wall; ct = connective tissue.  
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Figure 5.13. Histological characteristics of different stages in the development of the 
testes of Pelates octolineatus; (a) I/II, virgin/ immature; (b) III, developing; (c, ci) IV, 
maturing; (d, di) V, pre-spawning; (e) VI, spawning; (f, fi) VIII, recovering. 
sg = spermatogonia; scI = stage I spermatocytes; scII = stage II spermatocytes; 
sd = spermatids; sp = sperm sinus; sz = spermatozoa; ct = connective tissue. 
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January, whereas gonads at stage V/VI (mature/spawning) were largely confined to 
October to February and those at stage VII (spent) to February and March (Fig. 5.14). 
Fish with gonads at stages V/VI contained only a few of the latter stage, i.e. possessed 
hydrated oocytes in the case of ovaries and spermatozoa in the case of testes. As the 
approximate mid-point of the spawning period was November / December, 1 December 
was selected as the ‘average’ birth date for P. octolineatus.   
The frequencies of the various oocyte diameters in the ovaries of two mature 
(stage V) female P. octolineatus, and which contained early previtellogenic oocytes, 
i.e. chromatin nucleolar and perinucleolar oocytes, as well as cortical alveolar and yolk 
granule oocytes, formed essentially continuous distributions (Fig. 5.15). This continuity 
suggests that P. octolineatus may have indeterminate fecundity (Hunter & Macewicz, 
1985), i.e. annual fecundity is not fixed prior to the onset of spawning. 
 
5.3.6 Lengths and ages at maturity of Pelates octolineatus in the marine bays 
 During the main part of the spawning period, i.e. November to February, the 
smallest mature female and male P. octolineatus in the coastal marine bays were 137 
and 134 mm, respectively, recognising, however, that the number of fish represented in 
the 120-129 mm length class was low (Fig. 5.16). The percentage of mature female 
P. octolineatus increased from c. 65 % in fish with TLs of 130-139 mm to c. 83 % in 
those of 160 and 169 mm TL and 100% in females > 190 mm TL. All males with 
lengths < 120 mm were immature, whereas all but two of the males with TLs > 130 mm 
were mature (Fig. 5.16). The LT50 for female and male P. octolineatus were 140 and 
131 mm, respectively (Table 5.4).  
 Maturity was attained by a few males and females during their first year of life 
and by at least the vast majority of fish at the completion of their second year of life 
(Fig. 5.16).   
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Figure 5.14. Mean monthly gonadosomatic indices (IG) ± 1 SE (black lines) and 
monthly percentage frequencies of occurrence of stages III to VIII in the gonadal 
development of female and male Pelates octolineatus (≥ TL50 at maturity) in coastal 
marine bays in south-western Australia. Sample sizes are given above each mean. 
 
 
 
 
 
Figure. 5.15. Oocyte diameter frequency distributions for two mature (stage V) female 
Pelates octolineatus. Early previtellogenic oocytes (white), cortical alveolar oocytes 
(grey), yolk granule oocytes (black). 
196 
Table 5.4. Estimates of the lengths and ages at which 50 and 95 % of the females and 
males of Pelates octolineatus in the marine bays attained sexual maturity and their 
± 95 % confidence intervals. 
  TL50 (mm) TL95 (mm)  A50 (years) A95 (years) 
Females Estimate 140 170  1.8 2.2 
 95 % CI (136, 145) (162, 176)  (1.7, 2.1) (2.1, 2.3) 
     Males Estimate 131 144  1.6 2.0 
 95 % CI (126, 138) (127, 150)  (1.2 2.1) (1.3, 2.2) 
 
 
 
 
Figure 5.16. Percentage frequency of occurrence of (a) females and (b) males of 
Pelates octolineatus with mature gonads (grey histograms) in sequential 10 mm length 
classes and (c, d) one year age categories derived from data obtained during the 
spawning period, i.e. November to February. Logistic curve (solid line) and the ± 95 % 
confidence limits (dotted line) were derived from the probability that a fish at a given 
length is mature. Sample sizes are shown above each histogram.  
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Peel-Harvey Estuary 
5.3.7 Water temperatures and salinities in the Peel-Harvey Estuary 
During 1980-81, the mean seasonal salinities in the five regions of the 
Peel-Harvey Estuary followed a similar trend, rising to a peak in autumn and then 
declining in winter and spring (Fig 5.17a). The mean seasonal salinities differed 
markedly, however, between regions in each season, and particularly in winter when 
salinities ranged from only c. 3 in the Southern Harvey Estuary to c. 29 in the Mandurah 
Channel. In 1996-97, the mean salinities in each season showed varied less among 
regions, declining from between 36 and 45 in summer and autumn to 11 to 24 in winter 
and then rose to 25 to 32 in spring (Fig. 5.17b). In 2008-10, mean salinities varied even 
less between regions and never fell below c. 24 (Fig. 5.17c).  
The trends exhibited by mean seasonal water temperatures in the five regions 
were similar in each period, reaching their maxima of 24 to 27 °C in summer and 
declining to their minima of 13 to 16 °C in winter, before increasing again in spring 
(Fig. 5.17d, e, f).  
 
5.3.8 Seasonal trends in the relative abundance of Pelates octolineatus in the 
Peel-Harvey Estuary  
The mean numbers of P. octolineatus caught using the 21.5 and 102.5 m seine 
nets in each corresponding season of 2008-10 was shown by ANOVA to differ 
significantly among those seasons in the case of both nets (i.e. P < 0.05 and 0.01, 
respectively). Scheffé tests demonstrated that, with both nets, this was due to a 
significantly greater number of fish in summer than in winter (P < 0.05).  
The samples of P. octolineatus collected by the 21.5 and 102.5 m seine nets in 
summer were dominated by 1+ and older fish, the latter very largely comprising 2+ fish  
(Fig. 5.18). In the case of both nets, these age classes declined markedly in abundance 
in autumn and were absent in the samples from winter and were present only in very 
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Figure 5.17. Mean seasonal salinities and water temperatures ± 1 SE in the five 
sampling  regions of the Peel-Harvey Estuary, i.e. Mandurah Channel (MC), Eastern 
Peel (EP), Western Peel (WP), Northern Harvey (NH), Southern Harvey (SH) in each 
season, i.e. summer (Su), autumn (A), winter (W), spring (Sp) in 1980-1981, 1996-1997 
and 2008-10 (years pooled).  
 
low numbers in those from spring. The 0+ age class was at least relatively abundant in 
the samples from both nets in each season and was particularly abundant in those taken 
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Figure 5.18. Stacked bar graphs showing the mean number of Pelates octolineatus 
caught in each sample in nearshore waters of the Peel-Harvey Estuary in each season of 
the calendar year using the 21.5 and 102.5 m seine nets. Samples were collected 
between winter (July) 2008 and autumn (April) 2010, with the sequence on the figure 
commencing in summer when the first 0+ fish are caught. The partitions within each 
graph represent the contributions by 0+, 1+ and ≥ 2+ fish.  
 
 
by both nets in spring. The very large numbers of 0+ fish obtained by the longer net 
(102.5 m) in autumn were due to two exceptionally large catches in April, in which that 
net also collected an unusually large amount of seagrass. 
   Two-way ANOVA indicated that the mean number of P. octolineatus in 
samples obtained using the 102.5 m seine net in each season in 1980-81, 1996-97 and 
2008-10 differed significantly among periods (P < 0.001) and seasons (P < 0.05) and 
that the interaction between these two main effects was not significant (P > 0.05). While 
the mean number of P. octolineatus in samples in 1996-97 differed significantly from 
that in both 1980-81 (P < 0.01) and 2008-10 (P < 0.01), the values for 1980-81 and 
2008-10 were not significantly different (P > 0.05). This above period difference 
reflects the fact that, in each season, the mean number was less in 1996-97 than in 
1980-81 and 2008-10 (Fig. 5.19). In terms of season, the mean number of 
P. octolineatus was significantly greater in summer than winter in 1996-97 (P < 0.05), 
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Figure 5.19. Mean number of fish ± 1 SE of Pelates octolineatus (back log-
transformed) in each sample in nearshore waters of the Peel-Harvey Estuary in each 
season using the 102.5 m seine net in 1980-1981, 1996-1997 and 2008-2010. The 
sequence on the figure commences in summer when the first 0+ fish are caught. 
 
 
thereby paralleling the results for 2008-10 (see above), whereas there was no significant 
difference between any pair of seasons in 1980-81 (P > 0.05). 
 
5.3.9 Length and age composition of Pelates octolineatus in the Peel-Harvey 
Estuary and Comet Bay.  
 Each length class of P. octolineatus between 0-24 and 175-199 mm TL was 
represented in the samples collected by both the 21.5 and 102.5 m seine nets in the 
Peel-Harvey Estuary, with the length class of the largest fish, however, not being 
abundant in the catches taken by either net (Fig. 5.20a, b). Furthermore, there was no 
evidence that the smaller seine tended to sample a greater proportion of smaller fish or 
for the larger net to sample larger fish. Indeed the largest catches of the 25-49 mm 
length class were taken by the 102.5 m seine net, which had the larger mesh. The length 
data derived from both seine nets have thus been pooled, which produced modal length 
classes at 25-50 and 75-100 mm TL (Fig. 5.20c). The P. octolineatus caught by seine 
201 
 
 
Figure 5.20. Length and age-frequency distributions for unsexed (white histograms), 
male (grey histograms) and female (black histograms) Pelates octolineatus caught in the 
Peel-Harvey Estuary between winter 2008 and autumn 2010 by the (a) 21.5 m and (b) 
102.5 m seine nets and by both nets combined (c, d) and in January 2009 and March 
2010 in subsamples obtained by commercial gill nets (e, f) and in the nearby marine 
waters of Comet Bay between December 2009 and March 2010 in subsamples obtained 
by commercial trawl net (g, h).  
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netting in the Peel-Harvey Estuary belonged predominantly to the 0+ (58%), 1+ (28 %) 
and 2+ (12 %) age classes, and contained no fish greater than four years old (Fig. 
5.20d). 
The total lengths of P. octolineatus in a subsample of the catches of a 
commercial gill net fisher in the Peel-Harvey Estuary in summer and early autumn 
ranged from 180-210 mm and produced a prominent modal length class at 175-199 mm 
(Fig. 5.20e). All of these fish were < 4 years old and the majority belonged to the 2+ 
and 3+ age classes (Fig. 5.20f).  
 In the large, open embayment of Comet Bay, the lengths of the vast majority of 
the P. octolineatus caught by the commercial trawl in water depths of c. 8 to 13 m 
ranged from 125-199 mm TL (Fig. 5.20g) and were thus similar to those of the majority 
caught by rod and line in the small marine bays just to the north (Fig. 5.6b). The 
length-frequency distributions for the trawl samples were skewed slightly more to the 
left, however, being represented by a modal length class of 150-174 mm rather than of 
175-199 mm as in the small marine bays. Most of the P. octolineatus in the trawl 
samples from Comet Bay belonged to the 2+ and 3+ year classes (Fig. 5.20f), thereby 
paralleling the situation in offshore waters in the small marine bays. 
 The new 0+ cohort was first caught in the Peel-Harvey Estuary in January, when 
its TL ranged from 17-36 mm, with a mean of 25 mm (Fig. 5.21). The mean length 
increased to 39 mm in February (range 21-56 mm) and to 51 mm in March (range 38-75 
mm). The mean length (40 mm) and upper end of the length range (41-74 mm) declined 
in April and remained low in subsequent months, with the modal length class staying at 
30-39 mm until August. The mean length of the 0+ age class increased from 38 mm in 
July to 57 mm in August and 66 mm in September and October and 80 mm in 
November. The 1+ age class was represented between September and April. The 
length-frequency distributions in January and February differed markedly, with the
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Figure 5.21. Monthly length-frequency distributions for different age classes of female 
and male Pelates octolineatus (combined) caught by the 21.5 and 102.5 m seine nets in 
the Peel-Harvey Estuary. n, sample size  
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modal length class of 130-139 mm in the latter month lying well to the right to that of 
the 90-99 mm in the earlier month. As with the 1+ and 2+ fish, the catches of the very 
few 3+ fish were largely confined to December to March (Fig. 5.21).  
 
5.3.10 Growth of Pelates octolineatus in the Peel-Harvey Estuary  
 As with the marine bays, the sine-curve seasonal model provided the best 
description of the relationships between lengths at age and age for the fish of each sex 
within the Peel-Harvey Estuary (data not shown). Since the curves for the two sexes 
were not significantly different (P > 0.05), a common sine-curve seasonal model was 
fitted to the lengths at age of both sexes combined (Fig. 5.22a; Table 5.5).  Like the 
marine bays, the instantaneous daily growth rates of both sexes of P. octolineatus in the 
estuary peaked in summer and declined to a minimum in winter (Fig. 5.23b). Note that 
there are no data for the lengths at age of older fish in the ‘winter’ period (Fig. 5.22) 
because those fish leave the estuary at that time (see Discussion). As was the case for 
the marine embayments, the high frequency signal evident in the instantaneous growth 
rates for the temperature-based seasonal growth curve is predominantly an artefact of 
the use of the cubic spline used to interpolate estimates of water temperature 
(Fig. 5.23b).  
 
5.3.11 Gonadal development of Pelates octolineatus in the Peel-Harvey Estuary 
 During the spawning period of P. octolineatus in marine waters, i.e. November 
to February, the gonads of the vast majority (98 %) of the 796 individuals caught at the 
four sampling sites in each of the basins, i.e. the Peel Inlet and Harvey Estuary, were 
either immature/resting (stage I/II) or developing/maturing (stage III/IV), with only 1 % 
being at stages V (mature), VI (spawning), VII (spent) or VIII (recovering/spent). In 
contrast, the majority of the 93 fish caught during the spawning period in the Mandurah 
Channel were either at stages V/VI (33 %) or VII/VIII (53 %). 
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Table 5.5. Parameters (± 95 % confidence intervals), negative log-likelihood (NLL) and 
Akaike’s information criterion (AIC) for the fit for the (a) sine-curve based and (b) 
temperature-related seasonal growth models, fitted to the lengths at age for combined 
sexes of Pelates octolineatus in the Peel-Harvey Estuary. L∞ is the asymptotic total 
length (mm), t0 is the hypothetical age (years) at which fish would have zero length, k1 
and k2 represent the coefficients of the linear relationship of the growth coefficient k 
with age, and C and tc relate to the seasonality in growth (Section 5.2.3). n, sample size.  
 
   POOLED SEXES  
Growth model Parameter  Estimate 95 % CI 
     
(a) Sine-curve based L∞  177 (174, 179) 
 k1  0.55 (0.51, 0.60) 
 t0  0.05 (0.04, 0.07) 
 k2  0.30 (0.28, 0.33) 
 C  1.00 (1.00, 1.0) 
 tc  4.66 E
-3
 (2.71 E
-9
, 4.66 E
-2
) 
 NLL  8539  
 AIC  17088  
     
(b) Temperature-related L∞  174 (173, 176) 
 k1  8.74 E
-3 
(8.04 E
-3
, 1.02 E
-2
) 
 t0  -0.25 (-0.27, -0.24) 
 k2  0.45 (0.43, 0.45) 
 C  1.19 (1.18, 1.19) 
 tc  0.18 (0.16, 0.18) 
 NLL  8561  
 AIC  17135  
     
 n  2096  
 
 
 
 
 
 
Figure 5.22. Seasonal sine-curve based (green line) and temperature-related (blue line) 
growth curves fitted to the lengths at ages of combined sexes of Pelates octolineatus in 
the Peel-Harvey Estuary. The P. octolineatus that could not usually be sexed 
(c. < 100 mm) were assigned randomly but in equal proportions to the female and male 
data sets.  
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Figure 5.23. The relationship between the instantaneous rates of change of length, 
i.e. total length (mm) day
-1
, estimated using the (a) seasonal sine-curve and (b) 
temperature-related growth curves and the age of the fish for pooled sexes of Pelates 
octolineatus in the Peel-Harvey Estuary. 
 
 
5.4 Discussion 
5.4.1 Habitats, movements, age and size compositions in the marine bays  
As the minimum length of 12 mm recorded for the 0+ P. octolineatus caught in 
the dense seagrass in the marine bays is essentially the same as the 11 mm at which this 
terapontid metamorphoses (Neira et al., 1998), this species can settle in seagrass 
meadows as soon as it becomes a juvenile. This is consistent with the capture of large 
numbers of 0+ and early 1+ P. octolineatus (< 100 mm TL) in this dense seagrass 
throughout the year using the 21.5 m seine net. Since 100 mm is less than the minimum 
length recorded for mature P. octolineatus, dense seagrass meadows, such as those in 
Mangles Bay, constitute important nursery areas for this terapontid in coastal marine 
waters and mainly during their first year of life. Such a view is consistent with the fact 
that, as the 21.5 m seine net caught a substantial number of larger and older 
P. octolineatus in the Peel-Harvey Estuary, i.e. with lengths > 100 mm and > 1.5 years 
old, such fish would presumably have been caught in the seagrass of Mangles Bay if 
they had been present there. Seagrass meadows provide important nursery habitats for 
other fish species in the region, such as the Tarwhine Rhabdosargus sarba, the Western 
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Trumpeter Whiting Sillago burrus and older juveniles of the King George Whiting 
Sillaginodes punctatus (Hyndes et al., 1996; Hesp et al., 2004; Valesini et al., 2004).  
The conclusion that the dense, seagrass meadows in Mangles Bay, which are 
highly productive (DAL Science & Engineering, 2003), perform an important nursery 
function for P. octolineatus is consistent with this habitat type being the only one to 
yield large numbers of its juveniles during extensive sampling of a range of such marine 
habitats along the region of the coast in which the current study was conducted 
(Valesini et al., 2004). Furthermore, the repeated use of the same seine net in the 
shallows of the larger and more exposed Safety Bay, in which there are no nearshore 
seagrass meadows, and also other comparable sites in the same region (J. Tweedley, 
pers. comm.), yielded no P. octolineatus. It is highly relevant that, in a study of R. sarba 
substantial numbers of post-settlement juveniles were caught using a larval seine net in 
the seagrass beds of Mangles Bay, but very few were likewise recorded in similar 
habitats in Safety Bay (Hesp et al., 2004). These less protected habitats act, however, as 
a nursery area for other fish species, such as S. punctatus and S. burrus, which were 
present in considerable numbers in the seine net samples from Safety Bay.  
In contrast to the situation with nearshore seagrass meadows, the substantial 
catches of P. octolineatus taken by rod and line in more offshore waters of Mangles Bay 
and Safety Bay, in which the depths ranged from 2 to 8 m, contained exclusively 1+ and 
older fish, i.e. 6+ to 10 years old), and typically exceeded 140 mm TL. Thus, the 
individuals of P. octolineatus move out of seagrass into offshore, deeper waters when 
they have attained lengths of 60-100 mm and are about one year old. This size / age 
related change in habitat parallels that recorded for other species in Western Australia, 
such as Amniataba caudavittata, Rhabdosargus sarba and whiting species such as 
Sillago bassensis and Sillaginodes punctatus (Hyndes et al., 1996, 1997; Hesp et al., 
2004; Wise et al., 2004), and with species elsewhere (Werner & Gilliam, 1984; Griffiths 
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& Wilke, 2002; Meyer & Holland, 2005). Such movements would reduce the potential 
for intraspecific competition for spatial and food resources.  
Although P. octolineatus moves offshore as it increases in body size, the 
samples obtained by rod and line fishing contained relatively few individuals with 
lengths < 140 mm, a size that exceeded those of the vast majority of fish caught by the 
seine net in seagrass (100 mm TL). This presumably reflects a reduced tendency for fish 
of those lengths to take bait and/or a selectivity of line fishing for larger individuals.  
 
5.4.2 Reproductive biology of Pelates octolineatus in the marine bays 
The progressive and marked rise in the mean monthly GSIs for P. octolineatus 
in offshore waters of the marine bays between October and November and their 
subsequent sharp peak in December and progressive decline between January and April 
demonstrate that this species has a highly seasonal spawning period. The appearance of 
fish with stage III gonads for the first time in August reveals that gonadal recrudescence 
commences in this month and thus as temperature and light regimes are increasing. This 
parallels the trend for such recrudescence in numerous temperate fish species to be 
“triggered” by a combination of increases in these two environmental variables, 
including other terapontids, i.e. Amniataba caudavittata in the Swan-Canning Estuary to 
the north of the marine embayments (Fig. 5.1; Potter et al., 1994) and the Spangled 
Perch Leiopotherapon unicolor in freshwater rivers and lakes in northern Australia 
(Lake, 1967; Beumer, 1979).  
As the vast majority of P. octolineatus with stage V/VI 
(pre-spawning/spawning) ovaries and testes were found between October and January 
and those with stage VII (spent) gonads were most prevalent between February and 
March, P. octolineatus spawns predominantly between late spring and late summer. 
This spawning period is similar to that recorded for other terapontids in Australian 
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waters, i.e. P. sexlineatus (Smith & Suthers, 2000), A. caudavittata (Potter et al., 1994) 
and L. unicolor (Lake, 1967; Beumer, 1979) and the Four-lined Terapon Pelates 
quinquelineatus in the eastern Mediterranean and Aegean Sea (Torcu & Matar, 2000). 
The trends exhibited by the prevalence of mature gonads in P. octolineatus of 
different ages demonstrate that a few individuals mature and are thus capable of 
spawning at the end of their first year of life, and that this is true of virtually all 
individuals by the end of their second year, which closely parallels the situation with 
A. caudavittata in the Swan-Canning Estuary (Potter et al., 1994). Furthermore, as 
mature gonads were found among fish at the end of each of their third to eighth years of 
life, some individuals mature and spawn in several successive years.  
 
5.4.3 Habitats, movements, age and size compositions and gonadal characteristics 
of Pelates octolineatus in the Peel-Harvey Estuary.  
The presence in the January samples from the Peel-Harvey Estuary of a few 
P. octolineatus measuring 17-20 mm TL demonstrates that this species starts recruiting 
into this estuary at lengths only slightly greater than the 11 mm at which this species 
metamorphoses (Neira et al., 1998). As these individuals were caught in the eastern 
Peel Inlet, they presumably had been spawned just outside the estuary or in the 
Mandurah entrance channel. The view that P. octolineatus could spawn in the 
essentially marine waters of that channel, but not elsewhere in the main body of the 
estuary, is consistent with the fact that the vast majority of this species with mature 
gonads, i.e. stages V/VI (pre-spawning/spawning), VII (spent) or VIII (recovering) were 
caught in January and predominantly in this natural entrance channel. However, as only 
20 % of females exceeded the TL50 for maturity of 141 mm, P. octolineatus mainly use 
the Peel-Harvey Estuary as a nursery area, with at least the majority of spawning 
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occurring in coastal marine waters. On the east coast of Australia, P. sexlineatus spawns 
in coastal marine waters immediately outside estuaries (Smith & Suthers, 2000).  
 While the P. octolineatus caught using the 21.5 m net in dense seagrass in 
Mangles Bay rarely exceeded 100 mm TL and comprised exclusively 0+ and early 1+ 
fish, that same net in the Peel-Harvey Estuary caught many individuals with lengths 
>100 mm and even up to 196 mm, a length range that corresponded closely to that in 
samples obtained using the 102.5 m net. It is therefore relevant that, in contrast to 
Mangles Bay, the water depths in the two basins of estuary do not typically reach 1.5 m 
until 100 to 200 m from the shore and thus become optimal for sampling by even the 
small net. Furthermore, the seagrass meadows and also macroalgae in the Peel-Harvey 
Estuary were far less dense than in the marine bays and these patches were found 
throughout most of the two basins of this system. The absence of a pronounced gradient 
in either depth or concentration of seagrass would thus account for P. octolineatus of all 
lengths being widely distributed throughout these basins.  
 As in the present study, the total lengths of the majority of P. octolineatus 
caught during regular seining of the fish fauna in the Peel-Harvey Estuary between 1979 
and 1981 were < 175 mm (Potter et al., 1983b). Furthermore, in that earlier study, the 
length range (110 to 200 mm) of the majority of fish caught in different months by 
trawling and gill netting with a range of mesh sizes frequently corresponded to that of a 
discrete group of small fish caught by seining in the same period. Moreover, the lengths 
of the majority of P. octolineatus caught by commercial gill netting in January 2009 and 
March 2010 were also < 200 mm, even though the mesh size of these nets were large 
(51 mm) as fishers were targeting larger fish species. This implies that the samples 
collected by regular seining throughout the Peel-Harvey Estuary in 2008-10 represented 
the full length range of P. octolineatus in the estuary.   
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 In contrast to the situation in the marine bays, where numerous 3+ 
P. octolineatus and each age class between 4+ and 10+ were represented in samples, 
few 3+ and no older fish were caught in regular seine net sampling of the Peel-Harvey 
Estuary. Furthermore, the commercial samples did not contain any fish older than 3+, 
even though these catches were obtained using a long gill net (450 m) with a large mesh 
(51 mm). Thus, P. octolineatus does not typically return to the estuary after the end of 
its third year of life.  
 The trends shown in Fig. 5.9 demonstrate that, in the Peel-Harvey Estuary, 1+ 
and to a lesser extent 2+ P. octolineatus were represented by substantial catches in each 
month between December and March, but then declined markedly and were not even 
caught in some months between May and September. This trend parallels that recorded 
for the larger and presumably similar aged P. octolineatus (with lengths of 110 to 200 
mm TL) in this system between 1979 and 1981, in which gill netting and otter trawling 
as well as seining were employed (Potter et al., 1983b). These data imply that the 1+ 
and 2+ P. octolineatus typically emigrate from the Peel-Harvey Estuary in autumn and 
that some 1+ start returning in late spring / early summer (Fig. 5.21).  
 It is relevant that Valesini et al. (1994) reported similar marked declines in the 
abundance of P. octolineatus in the basin and entrance channel of the Blackwood 
Estuary in south-western Australia during winter, and concluded that this emigration 
was related to declines in salinity following heavy freshwater discharge. The conclusion 
was supported by the fact that P. octolineatus did not emigrate during winter in 
Deadwater Lagoon, which is joined to the estuary at the entrance channel and does not 
receive direct freshwater flushing and thus remains at a high salinity for most of the 
year, i.e. 28 (Valesini et al., 1994). Thus, the emigration of the larger 0+ and older age 
classes of P. octolineatus from the Peel-Harvey Estuary during autumn to winter is 
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likely to be a response to declines in salinity and the fact that salinity tolerances can 
vary between size classes within a given species (Holliday, 1971; Bell et al., 1984).  
  
5.4.4 Overall and seasonal growth of Pelates octolineatus in the marine bays and 
Peel-Harvey Estuary 
The data presented in this chapter demonstrate that P. octolineatus has moderate 
longevity (maximum age, Amax = 10 years) and grows rapidly towards its asymptote, 
with the females and males in the marine bays reaching c. 90 % of their maximum total 
lengths by the end of their third year of life. The maximum length attained by 
P. octolineatus in the coastal marine waters of south-western Australia, i.e. 256 mm TL, 
is greater than the 200 mm TL recorded for Pelates sexlineatus, but less than the 
300 mm TL for the Four-lined Terapon Pelates quinquelineatus (Gomon et al., 2008).  
In coastal marine waters, the growth of both sexes of P. octolineatus was similar 
during the first three years of life, after which the females grew slightly faster than 
males. Differential growth between the sexes was not evident, however, in the 
Peel-Harvey Estuary, reflecting the paucity of individuals aged ≥ 2 years. Furthermore, 
the absence of older individuals in the estuary accounts for the greater estimated growth 
rates, k and, lower estimates of L∞ for female and male P. octolineatus in the 
Peel-Harvey Estuary than in the marine bays.  
The far better fits provided for the lengths at age of Pelates octolineatus by the 
two seasonal growth models than the traditional and enhanced von Bertalanffy models 
emphasize that, in the coastal marine bays and the Peel-Harvey Estuary, this species 
exhibits a well defined pattern of seasonal growth, thus paralleling the situation with 
another terapontid, i.e. A. caudavittata in the Swan-Canning Estuary, likewise on the 
lower west coast of Australia (Wise et al., 1994). The seasonality in growth is further 
emphasized by the fact that the instantaneous daily growth rates of the females and 
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males of P. octolineatus in coastal marine and estuarine waters both peaked during 
mid-summer (Figs 5.11, 5.22).  
 
5.4.5 Influence of water temperature on the seasonal growth of Pelates octolineatus 
The highly seasonal pattern of growth exhibited by P. octolineatus in coastal 
marine waters and the Peel-Harvey Estuary in temperate south-western Australia 
strongly suggests that the growth of this species is influenced by water temperature. 
This view is consistent with the fact that P. octolineatus underwent negligible growth 
from April to October, when the mean monthly water temperatures in these waters were 
at their lowest, i.e. 15-21°C, and exhibited substantial growth between November and 
March, when water temperatures were elevated, i.e. 21-25°C. The influence of 
temperature on growth is further supported by the fact that, while the sine-based 
seasonal growth curve was the preferred model for describing the growth of 
P. octolineatus in both the marine bays and Peel-Harvey Estuary, the 
temperature-related curve also provided a good fit to the lengths at age in each 
environment.  
Since the waters of south-western Australia represent the southern end of the 
distribution of P. octolineatus, its highly seasonal growth at these lower and cooler 
latitudes (32°S) could reflect the influence of the greater seasonal changes in water 
temperature at this latitude than in the warmer waters at lower latitudes further north, 
i.e. near Broome (18°S), which typically remain between 23 and 29 °C throughout the 
year (BoM, 2013). Thus, in south-western Australian waters, P. octolineatus may grow 
faster during the warmer months and thereby compensate for shorter optimal growing 
periods in this region. This evolutionary response, known as ‘countergradient variation’ 
(Ruttenberg et al., 2005), has been described for other species elsewhere in the world, 
e.g. Atlantic silversides Menidia menidia (Yamahira & Conover, 2002), Atlantic halibut 
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Hippoglossus hippoglossus (Jonassen et al., 2000) and gray snapper Lutjanus griseus 
(Denit & Sponaugle, 2004). This is the result of selection that favours factors which 
facilitate the attainment of a large body size and thus increases the chances of 
individuals surviving their first winter (Levins, 1969; Power & McKinley, 1997; 
Jonassen et al., 2000). 
 Since Amniataba caudavittata has a similar geographical range to that of 
P. octolineatus, occurring from south-western Australia, where it is confined to 
estuaries (Potter et al., 1994; Wise et al., 1994), to northern Australia and southern New 
Guinea to the east coast of northern Queensland (Vari, 1978; Allen et al., 2002), its 
seasonal growth in the Swan-Canning Estuary may also be related to the greater 
variability in water temperatures and low ‘winter’ temperatures in this region. As this is 
one of the first detailed studies of the age and growth of any terapontid worldwide, and 
two such species are now known to exhibit pronounced seasonal growth, 
i.e. P. octolineatus and A. caudavittata (Wise et al., 1994), such seasonality may be a 
characteristic of the members of this family, and particularly in the cooler parts of their 
range.  
 
5.4.6 Comparison of growth of Pelates octolineatus in the marine bays and Peel-
Harvey Estuary 
 While it is widely stated that marine opportunistic fishes often exhibit faster 
growth rates in the more productive and protected waters of estuaries than in their natal 
marine environments (Blaber & Blaber, 1980; Kennish, 1990; Sogard, 1992; Potter 
et al., 2011), only a few studies such as that of Hesp et al. (2004) have provided sound 
quantitative evidence. Since P. octolineatus exhibits its maximum growth between 
mid-spring and early autumn and, during this time, the 0+, 1+ and 2+ age classes were 
represented in the estuary as well as the marine bays, the instantaneous daily growth 
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rates of this species in the two environments in this period were compared. The 
maximum daily growth achieved by P. octolineatus in the Peel-Harvey Estuary, which 
occurred during ‘summer’ and at the end of the first year of life, i.e. 0.42 mm day-1, was 
greater than that at the same age in the marine bays, i.e. 0.35 mm day
-1
. This strongly 
suggests that environmental conditions in the Peel-Harvey Estuary are more conducive 
to growth of P. octolineatus during these months than are those in the marine bays. This 
parallels the situation for Rhabdosargus sarba, which exhibits faster growth rates in 
temperate waters of the Swan-Canning Estuary in south-western Australia than in 
nearby coastal marine waters and also Shark Bay, much further to the north (Hesp et al., 
2004).  
 
5.4.7 Conclusions 
 This study is one of the first, in any region of the world, to collect concurrent 
detailed information on the length and age compositions of a marine estuarine-
opportunist species in both coastal marine and estuarine waters. Thus, extensive 
sampling in marine embayments and the Peel-Harvey Estuary, likewise located on the 
lower west coast of Australia, provided valuable insights into the ways in which the 
subtropical terapontid Pelates octolineatus uses each of these environments throughout 
its life cycle. Although the dense seagrass meadows in the shallow waters of Mangles 
Bay constitute important nursery areas for P. octolineatus, large numbers of 0+ 
individuals are also recruited into nearshore seagrass beds in the Peel-Harvey Estuary in 
late summer. Many larger 0+ individuals leave the estuary in autumn to winter of the 
same year, while the remaining individuals emigrate from the estuary in the following 
autumn when they are approximately 16 months old, with some returning to the estuary 
in spring each year, for up to 3 years. The decline in salinity during autumn appears to 
be a cue for this winter emigration. Since P. octolineatus is strongly associated with 
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weed, their higher abundance in 2008-10 than in the late-1990s probably relates to a 
greater amount of seagrass and macroalgae being present in the estuary.  
 In the marine environment, juvenile P. octolineatus move from nearshore 
seagrass beds to more sparsely vegetated areas further offshore at around the end of 
their first year of life, when a few fish became mature. At least the vast majority of 
P. octolineatus attain maturity at the end of their second year and gonadal recrudescence 
is initiated as water temperatures start to rise, with spawning predominantly occurring 
between late-spring (November) and late-summer (February). Pelates octolineatus 
exhibits very strong patterns of seasonal growth in both estuarine and marine waters 
with the majority of growth occurring between December and March when water 
temperatures are elevated.   
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CHAPTER 6 
General Discussion 
 
6.1 Comparisons of the fish faunas of the Peel-Harvey and 
Leschenault estuaries 
6.1.1 Geomorphological and hydrological characteristics of the Peel-Harvey and 
Leschenault estuaries 
 The following brief reiteration of the main features of the Leschenault and 
Peel-Harvey estuaries is aimed at facilitating, in this General Discussion, an 
understanding of the basis for the similarities and differences between the 
characteristics of the ichthyofaunas of these two estuaries and at exploring further the 
factors that influence those characteristics.  
 The Peel-Harvey Estuary, whose natural entrance channel passes through the 
city of Mandurah, and the Leschenault Estuary, a further c. 60 km south near city of 
Bunbury, differ markedly in their geomorphological and hydrological characteristics 
(Fig. 6.1). However, as with many estuaries around the world, both systems have 
undergone substantial modifications, particularly in the extent to which their 
connections with the ocean have been enhanced (Brearley, 2005). Thus, a second and 
deep artificial entrance channel was opened in the Peel-Harvey Estuary in 1994 and a 
new and far shorter entrance channel was constructed in the Leschenault Estuary in 
1951. 
The Peel-Harvey Estuary has an unusual morphology in that its main tributaries, 
i.e. the Serpentine and Murray rivers, enter one of the main basins (Peel Inlet) not far 
from the natural entrance channel at Mandurah, whereas the third, i.e. Harvey River, 
discharges into the southern end of the second large basin (Harvey Estuary), a long 
distance from the Mandurah Channel and even from the artificial Dawesville Channel, 
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Figure 6.1. Map of south-western Australia showing the location of the Peel-Harvey 
Estuary and Leschenault Estuary. Inserts show the morphology and main sampling 
regions in each system.   
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which is located near the junction of the two basins (Fig. 6.1). The construction of the 
Dawesville Channel has resulted in a greatly increased tidal exchange between the 
estuary and the ocean, with the result that salinities approaching or at that of sea water 
are now present throughout the estuary for much of the year, with the difference 
between the salinity regimes in the pre- and post- Dawesville periods being most 
pronounced during spring (Brearley, 2005).  
As a result of the construction of the “new” channel in the Leschenault Estuary, 
the main rivers of this system discharge into the bottom end of its single basin directly 
opposite the entrance channel (Fig. 6.1). The majority of freshwater discharge thus 
flows directly out of this system and thus essentially does not penetrate its more distal 
regions, which are particularly shallow, i.e. ≤ 0.5 m deep. Consequently, apart from 
during the highly seasonal period of strong freshwater discharge, salinities in the lower 
and middle regions remain closer to full strength sea water throughout the year than was 
previously the case (Semeniuk et al., 2000), whereas those in the more distal regions of 
the estuary become hypersaline during the warm and dry summer and early autumn 
months when evaporation rates are particularly high.  
 
6.1.2 Comparison of the characteristics of the fish faunas of the Peel-Harvey and 
Leschenault estuaries 
 nMDS ordination was employed to compare visually the extent of the 
similarities and differences in the trends exhibited by ichthyofaunal composition within 
and among the different regions of the Peel-Harvey Estuary and Leschenault Estuary 
and the degree to which the composition in each estuary undergo the same seasonal 
trends, and, in particular, whether they are cyclical as in the microtidal Swan-Canning 
Estuary (Kanandjembo et al., 2001; Hoeksema & Potter, 2006). The use of ordination 
was complimented by the subjection of abundance data to one-way ANOSIM tests to 
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identify statistically where the compositions of the regional and seasonal samples were 
similar and differed within and between the two estuaries.  
 For the above purpose, the mean numbers of each fish species caught using the 
21.5 m seine net in each region of the Peel-Harvey Estuary and Leschenault Estuary in 
each season in 2008/09 and 2009/10 were dispersion weighted and square-root 
transformed (see Chapter 2.2.3.2). The separate Bray-Curtis similarity matrices 
constructed after meaning the above data for all seasons in each region and for all 
regions in each season were used to produce the ordination plots shown in Figure 6.2a 
and b, respectively. The mean numbers for each season in each region were next used to 
construct a Bray-Curtis matrix, which was subjected to separate one-way ANOSIM 
tests for season and region.  
 
6.1.2.1 Comparison of the characteristics of the regions of the Peel-Harvey and 
Leschenault estuaries that are closely connected to the ocean.  
 On the nMDS ordination plot shown in Figure 6.2a, the point for the samples 
obtained from the Mandurah and 7 km long natural entrance channel of the Peel-Harvey 
Estuary and that for the lower region of the Leschenault Estuary, which opens to the 
ocean via a far shorter (c. 1 km) entrance channel, are relatively discrete and lie close 
together on that plot. Furthermore, the compositions of the fish faunas in these two 
regions, which are in direct connection with the ocean, are not significantly different 
(P > 0.05) and the accompanying R-Statistic value was only 0.117 (Table 6.1a). It is 
thus relevant that the ichthyofaunas of the Mandurah Channel and lower region of the 
Leschenault Estuary were dominated by marine species, which comprised 18 and 14 of 
the 25 most abundant species in those two estuaries, respectively (see Tables 2.2, 3.2 in 
previous chapters). The above findings thus imply that the composition of the 
ichthyofauna is similar along that part of the lower west coast into which the
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Figure 6.2. nMDS ordination plot constructed from Bray-Curtis similarity matrices, 
derived from the mean number of each of the various fish species caught using the 21.5 
m seine net in each region of the (a) Peel-Harvey Estuary, i.e. the Mandurah Channel 
(MC), Eastern Peel (EP), Western Peel (WP), Northern Harvey (NH) and Southern 
Harvey (SH), and Leschenault Estuary, i.e. Lower (L), Middle (M), Upper (U) and 
Apex (Ap), and (b) in each season i.e. winter (W), spring (Sp), summer (S), autumn (A) 
throughout each of the estuaries between winter 2008 and autumn 2010. 
 
Peel-Harvey and Leschenault estuaries discharge and which thus act as a potential entry 
point to those estuaries for marine species. Indeed, this similarity in the composition of 
the ‘coastal’ fish faunas is extended, at least to some degree, further to the north, since 
the composition of the faunas in the entrance channel to the Peel-Harvey Estuary had 
been shown in a previous study to be similar to that of the entrance channel of the 
Swan-Canning Estuary (Potter & Hyndes, 1999). 
 The similarity between the compositions of the ichthyofaunas in the Mandurah 
Channel and lower Leschenault Estuary is emphasised by the fact that four of the five 
most important typifying species were the same marine species, i.e. Hyperlophus 
vittatus, Torquigener pleurogramma, Favonigobius lateralis, and Aldrichetta forsteri 
(see Appendix 6.1). It is noteworthy that F. lateralis is found predominantly in the 
lower and thus high salinity regions of estuaries (e.g. Gill & Potter, 1993) and in 
sheltered coastal waters (Potter et al.,1997b). There is thus a possibility that the 
F. lateralis found within and outside both the Peel-Harvey and Leschenault estuaries 
belong to the same population. It is also relevant that F. lateralis and H. vittatus are 
both known to occur predominantly over sandy substrates (Gill & Potter, 1993; 
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Gaughan et al., 1996a) and that this substrate type is widespread in the Mandurah 
Channel and lower Leschenault Estuary. 
 
Table 6.1. One-way crossed season and region ANOSIM R-statistic values for 
comparisons between the compositions of the fish faunas in (a) each region of the 
Peel-Harvey and Leschenault estuaries and in (b) each season over two consecutive 
years between winter 2008 and autumn 2010. Significant differences are shaded in grey. 
  
Global R-Statistic 
Leschenault Estuary (L) 
0.265 (0.01 %) 
Peel-Harvey Estuary (PH) 
0.157 (0.2 %) 
(a) Regions Apex Upper Middle Lower Peel East 
Peel 
West 
Harvey 
North 
Harvey 
South 
L Apex         
L Upper -0.040        
L Middle 0.447 0.189       
L Lower 0.549 0.302 0.140      
PH Peel East 0.626 0.472 0.399 0.432     
PH Peel West 0.580 0.331 0.253 0.377 -0.052    
PH Harvey North 0.533 0.291 0.075 0.294 0.161 0.002   
PH Harvey South 0.479 0.331 0.276 0.363 -0.046 0.052 0.073  
PH Mandurah Channel 0.451 0.283 0.176 0.117 0.427 0.363 0.238 0.359 
 
 
Global R-Statistic 
Leschenault Estuary (L) 
0.171 (0.4 %) 
Peel-Harvey Estuary (PH) 
0.324 (0.01 %) 
(b) Seasons Winter  Spring  Summer Autumn Winter  Spring Summer 
L Winter         
L Spring  0.174       
L Summer 0.133 0.012      
L Autumn 0.223 0.354 0.159     
PH Winter  0.062 0.337 0.286 0.160    
PH Spring  0.479 0.267 0.412 0.771 0.309   
PH Summer 0.686 0.506 0.328 0.782 0.583 0.383  
PH Autumn 0.265 0.422 0.218 0.310 0.109 0.262 0.360 
 
6.1.2.2 Comparison of the characteristics of the basin regions of the Peel-Harvey and 
Leschenault estuaries  
 On the ordination plot shown in Figure 6.2a, the trends exhibited by the points 
for the samples from within the basins of the Peel-Harvey Estuary and Leschenault 
Estuary differ markedly. Thus, whereas the points for the four regions of the 
Peel-Harvey Estuary formed a tight group in the bottom left corner of the plot, those for 
the Leschenault Estuary progressed from that for the lower estuary in the top left of the 
plot to that for the estuary apex in the bottom right of the plot. This difference is 
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reflected in the Global R-Statistic for region being greater for the Leschenault Estuary 
than in the Peel-Harvey Estuary, i.e. 0.27 vs 0.16.  
 The close proximity of the samples for each of the four basins of the 
Peel-Harvey Estuary obviously reflects a similarity in ichthyofaunal composition, a 
conclusion endorsed by the lack of a statistically significant difference between the 
compositions of each pair of regions, apart from in the case of Northern Harvey vs 
Eastern Peel and, even here, the R-Statistic is only 0.16, emphasising that the 
differences in composition are small. In contrast, the compositions in each pair of the 
four basin regions of the Leschenault Estuary, apart from the apex vs upper regions, 
were significantly different and the R-Statistic for each pair of those comparisons was 
appreciable, ranging between 0.30 and 0.55 (Table 6.1). The trends exhibited by the 
distribution of the points for the samples on the ordination plot (Fig. 6.2a) and the 
values for the ANOSIM test (Table 6.1a) emphasize that the composition in each basin 
region of the Peel-Harvey Estuary was similar, whereas those for the Leschenault 
Estuary changed progressively with distance from its single entrance channel.  
 The marked similarity between the compositions of the ichthyofaunas of the 
basins in the Peel-Harvey Estuary is almost certainly related, at least in part, to the fact 
that the mean overall salinity for these regions, were similar, ranging only from 33 to 35 
(Fig. 6.3). In the case of the Leschenault Estuary, the progressive change in composition 
with distance from estuary mouth parallels a sequential change in mean overall salinity 
from 31 in the lower estuary to 38 in the apex, with the maximum seasonal value for 
that latter region approaching 55 and thus being particular high (Fig. 6.3). These trends 
indicate that salinity influences the compositions of the fauna in these two systems.   
  The progressive change in species composition in the Leschenault Estuary with 
increasing distance from the entrance channel of this system is due to a sequential and 
pronounced decline in the relative abundance of marine species and a sequential and 
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Figure 6.3. Box and whisker plots showing the mean salinities (horizontal line) in each 
region of the Peel-Harvey Estuary and Leschenault Estuary, together with their ± 95 % 
confidence intervals (red boxes) and minimum and maximum values (vertical lines). 
See legend to Figure 6.2 for abbreviations of the regions in each estuary. 
 
marked increase in the relative abundance of estuarine species (Fig. 6.4). Furthermore, 
the number of marine species underwent a marked decline with increasing distance from 
the estuary mouth from 23 in the lower and middle, to 14 in the upper and 7 in the apex. 
This trend is clearly related to the fact that, in this estuary, the tidal input of marine 
waters occurs through the entrance channel in the lower estuary and declines 
progressively to the upper reaches of this system. It is also probably highly relevant that 
the only two species to be abundant in the upper estuary in the warmer months, when 
the waters their become hypersaline and particularly warm, must therefore be highly 
tolerant of these extreme conditions, were estuarine species, i.e. C. mugiloides and 
particularly A. elongata. The differences between the relative abundances and numbers 
of species of estuarine and marine species in the five regions of the Peel-Harvey Estuary 
were far less pronounced (Fig. 6.4), presumably reflecting the influence of the far 
greater penetration of marine waters during each tidal cycle.  
 The trends exhibited on the ordination plot shown in Figure 6.2b and the 
R-Statistic values provided in Table 6.1a demonstrate that the composition of the 
samples from the middle region of the Leschenault Estuary bore the closest resemblance 
to those of the basin regions in the Peel-Harvey Estuary. This probably reflects the 
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Figure 6.4. Number of species and percentage contributions to the total number of 
individuals of marine (i.e. marine estuarine-opportunists and marine stragglers) and 
estuarine species (i.e. estuarine & marine and estuarine residents) in the catches 
obtained from each region of the Peel-Harvey and Leschenault estuaries using the 
21.5 m seine net. 
 
similarity in their salinity regimes. This conclusion is consistent with the fact that the 
salinity regimes in the middle region of Leschenault Estuary and the Northern Harvey in 
the Peel-Harvey Estuary were particularly similar (Fig. 6.3), and the compositions of 
those regions did not differ (P < 5.00). In the context of comparisons between the 
middle Leschenault Estuary and the four basin regions of the Peel-Harvey Estuary, it is 
highly relevant that Leptatherina presbyteroides, Torquigener pleurogramma, 
F. lateralis and A. elongata were all major typifying species of each of these five 
regions (Appendix 6.1).  
 
6.1.2.3 Seasonal changes in the fish faunas of the Peel-Harvey and Leschenault 
estuaries 
 The points for the samples obtained seasonally in both the Peel-Harvey and 
Leschenault estuaries underwent the same anti-clockwise sequential cyclical change on 
the nMDS ordination plot shown in Figure 6.2b. This parallels the situation recorded for 
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Figure 6.5. Seasonal percentage contributions to the total number of individuals of the 
most abundant marine (i.e. marine estuarine-opportunists, marine stragglers) and 
estuarine species (i.e. estuarine & marine, estuarine residents) in catches obtained using 
the 21.5 m seine net throughout the Peel-Harvey Estuary and Leschenault Estuary. The 
total number of individuals (n) and overall percentage contribution made by each 
species to the total catch in each estuary is also given.  
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the fish faunas in many macrotidal estuaries in the northern hemisphere and which is 
due to the abundances of marine species undergoing time-staggered changes 
(e.g. Claridge et al., 1986; Potter et al., 1997a; Thiel & Potter, 2001). The trends 
exhibited by the percentage contributions of each of the main marine species in each 
season to the total catch of that species demonstrate that, as described in the following 
paragraph, this is also the basis for the cyclical changes in the Peel-Harvey and 
Leschenault estuaries (Fig. 6.5). It is also noteworthy that the seasonal trends in the 
abundance of H. vittatus were the same in both estuaries and that the same was true for 
A. forsteri, T. pleurogramma and A. vaigiensis.  
In both estuaries, the relative abundance of H. vittatus started to rise in spring 
and reached a peak in summer and then declined markedly in autumn, a trend paralleled 
by G. marmoratus in the Peel-Harvey Estuary and by S. punctatus in the Leschenault 
Estuary (Fig. 6.5). While the relative abundance of T. pleurogramma and A. forsteri 
both peaked in summer in the Peel-Harvey and Leschenault estuaries, the 
peaks for the latter species were more pronounced. In contrast to the situation with the 
other species, the relative abundance of A. vaigiensis peaked sharply in autumn. In this 
context, it is relevant that the above abundant marine species are typically represented in 
the Peel-Harvey and Leschenault estuaries mainly by their 0+ or early 1+ individuals. 
They thus use these estuaries as a nursery area and therefore belong to the marine 
estuarine-opportunist life cycle guild.  
 From the above seasonal trends, these species are typically recruited into these 
systems in large numbers between mid spring and autumn, when salinities are close to 
sea water (Potter & Hyndes, 1999). As described above, however, the precise phasing of 
the immigration and emigration differs among these species and is thus time-staggered. 
That time-staggered effect on overall fish composition is enhanced by the fact that the 
seasonal trends exhibited by the relative abundances of the various main estuarine 
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spawning species vary among those species, with the abundances of one of these, 
C. mugiloides, peaking sharply in winter in the Peel-Harvey Estuary and in autumn in 
the Leschenault Estuary.  
 The Global R-Statistic for season was greater for the overall ichthyofaunal 
composition in the Peel-Harvey than in the Leschenault Estuary, i.e. 0.32 vs 0.17, 
demonstrating that the composition was influenced to a greater extent by seasonal 
changes in the former than latter estuary. This conclusion is endorsed by the fact that, 
while seasonal differences in composition in each estuary were greatest between 
opposite seasons, i.e. summer vs winter in the Peel-Harvey, and spring vs autumn in the 
Leschenault Estuary, the respective R-Statistic values of 0.58 and 0.35 demonstrate that 
these differences were more pronounced in the former estuary. It is thus relevant that 
the relative abundance of marine species underwent more pronounced seasonal changes 
in Peel-Harvey than in the Leschenault Estuary (Fig. 6.6).  
 From the Global R-Statistics in Table 6.2, it is evident that, on the basis of data 
obtained from the samples collected using the 21.5 m seine, the overall composition of 
the fish fauna is influenced more by season than by region in the Peel-Harvey Estuary 
(0.32 vs 0.16), whereas the reverse is true for the Leschenault Estuary (0.27 vs 0.17). 
The marked influence of season in the Peel-Harvey Estuary is presumably related to the 
fact that tidal exchange between the basin regions of this estuary and the ocean has 
become substantial since the opening of the Dawesville Channel, thereby providing an 
effective mechanism for transporting marine fish species into and out of the estuary. In 
contrast, tidal water movement is largely restricted to the lower reaches of the 
Leschenault Estuary. The greater tidal action in the Peel-Harvey Estuary also results in a 
greater homogeneity in salinities throughout the basins of this system than in that of the 
Leschenault Estuary and thus account for the influence of region being less in the 
former system. 
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Figure 6.6. Overall number of species and seasonal percentage contributions to the total 
number of individuals of marine (i.e. marine estuarine-opportunists and marine 
stragglers) and estuarine species (i.e. estuarine & marine and estuarine residents) in 
catches obtained using the 21.5 m seine net throughout the Peel-Harvey and 
Leschenault estuaries.  
 
 It is noteworthy that season had a greater influence on composition than region 
in the Peel-Harvey Estuary, when using data from the 21.5 m net, whereas these two 
factors had a similar influence when using data collected by employing the 102.5 m 
seine net (Chapter 3). This difference is probably due to the small seine net collecting 
samples from near to the shore (rather than outwards from the shore) and thus focusing 
on sampling the 0+ and thus small individuals of marine species, which tend to occur in 
shallower water (Potter & Hyndes, 1994; Valesini et al., 1997; Blaber et al., 2005; 
Hoeksema & Potter, 2006). Such selectivity would be enhanced by the mesh size of 
3 mm in the bunt of the 21.5 m net being far smaller than the 9.5 mm in the 102.5 m net.  
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6.2 Main effects of anthropogenic and environmental change on the 
future health of south-western Australian estuaries  
6.2.1 Urbanisation and associated problems of eutrophication  
 The majority of estuaries in south-western Australia are affected, to some 
degree, by eutrophication caused by the input of nutrients from surrounding agricultural 
land and urban development. In many cases, eutrophication is reflected in increases in 
the amount of macroalgae and its associated fauna and thus to an increase in the 
abundance of fish (Steckis et al., 1995; Kemp et al., 2005).  Comparisons between the 
ichthyofauna of the Peel-Harvey Estuary in 2008-10 with those recorded previously in 
1996-97 (and 1980-81) provide strong circumstantial evidence that increases in the 
biomass of macroalgae and seagrass in this system since the late-1990s (Pedretti et al., 
2011) has resulted in predictable changes in the characteristics of the fish fauna of this 
estuary. Thus, the increase in macroalgae and seagrass in certain regions of the estuary 
since the late-1990s has been accompanied by an increase in the densities of fish and 
particularly of those associated with ‘plant’ material.  
 While seagrass has reportedly increased in some areas of the lower regions of 
the Leschenault Estuary since 1997-98 (Wurm & Semeniuk, 2000; Semeniuk & 
Semeniuk, 2005), there are increasing concerns that the extensive macroalgal blooms 
that develop on a seasonal basis imply that this estuary is becoming more eutrophic 
(McKenna, 2007). Furthermore, as there are often time lags between changes in land 
use and responses in estuarine ecology (Rogers et al., 2010), the full effects of increased 
nutrient input into this system may yet to be seen (Hosja & Deeley, 2000; McComb 
et al., 2000). However, in contrast to the Peel-Harvey Estuary, where nutrients from the 
catchment are discharged directly into the main body of the basins, those discharged 
into the Leschenault Estuary would tend to be flushed directly out to sea as the river 
mouths are located directly opposite and a short distance from the entrance channel of 
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this estuary (see earlier). Despite these geomorphologic differences, further declines in 
rainfall in south-western Australia (IOCI, 2002; Bates et al., 2008) have the potential to 
reduce the flushing capacity of the Peel-Harvey and Leschenault estuaries and thus lead 
to a greater retention of nutrients in their basins (Semeniuk et al., 2000).   
 While increased urbanisation is recognised as a major threat to the long-term 
health of estuaries (Inglis & Kross, 2000; Kennish, 2002; Nedwell et al., 2002; 
Whitfield & Cowley, 2010; Gillanders et al., 2011), it is not yet well understood exactly 
how the cumulative effects will impact estuarine ecosystems, both individually and 
synergistically (Luoma, 1996; Inglis & Kross, 2000; Lee et al., 2006). Thus, while the 
populations of Bunbury and Mandurah and their surrounding regions are each expected 
to increase by c. 50 % over the next 20 years (WAPC, 2011; Mulholland & Piscicelli, 
2012), it is impossible to quantify precisely, the effect that this will have on the 
structure and functioning of the fish faunas of the Peel-Harvey and Leschenault 
estuaries. There is strong evidence, however, from a comparison of the characteristics of 
the benthic macroinvertebrate fauna of the Peel-Harvey Estuary over the last three 
decades that the quality of the benthic environment of this system has declined in recent 
years and probably in response to a multiplicity of factors associated with greater 
increases in urbanisation and estuary use (Wildsmith et al., 2009). Scientists and 
managers worldwide, recognise the complexity of predicting changes to estuarine 
ecosystems as a result of anthropogenic stress, due to the underlying natural variability 
in the physical and chemical characteristics of these systems and to the ability of 
estuarine biota to adapt to variability (Paerl, 2006; Elliott & Quintino, 2007; Elliott 
et al., 2007a).   
 
6.2.2 The increasing effects of climate change  
 Declining rainfall and thus also in freshwater discharge as a result of climate
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change is regarded as a major driver of future changes in the catchments of the 
Peel-Harvey and Leschenault estuaries (Zammit et al., 2006; DoW, 2011). Indeed, 
according to the Indian Ocean Climate Initiative (2002), the average May to October 
rainfall in south-western Australia over the last 25 years has been only c.  85-90 % of 
the preceding 50 year average.  In the case of the Peel-Harvey Estuary, the dominance 
of ‘marine’ species throughout the estuary in 2008-10 and the fact that the relative 
abundance of these species increased across the three decades was attributed to 
consistently elevated salinities as a result of the opening of the Dawesville Channel and 
more recently, the effects of lower freshwater discharge. Furthermore, lower 
abundances in the Leschenault Estuary of species which prefer fresh-brackish waters, 
i.e. Pseudogobius olorum and Afurcagobius suppositus (Gill & Potter, 1993; Hoeksema 
& Potter, 2006) in the late-2000s than 1990s, probably reflect the effects of reduced 
freshwater flows. The effects of declining freshwater discharge are evident in the 
Swan-Canning Estuary in south-western Australia (Valesini et al., 2011), as well as 
other parts of Australia (Arthington & Pusey, 2003; Meynecke et al., 2006) and indeed 
worldwide (Whitfield, 1994; Kennish, 2002; Kundzewicz et al., 2008; Palmer et al., 
2008; Timbal et al., 2010).  
  Another outcome of climate change that is particularly relevant in 
south-western Australia is the rise in coastal water temperatures which has apparently 
had a strong influence on the structure of fish assemblages in particularly the 
Leschenault Estuary (Pearce & Feng, 2007; Pearce et al., 2011). Thus, the recent 
colonisation and success in the Leschenault Estuary of the atherinids, C. mugiloides and 
Atherinomorus vaigiensis represents a southwards extension of the distribution of these 
tropical species over the last decade (Hoese et al., 2006). Furthermore, these two 
species consistently and substantially increased in abundance in the Peel-Harvey 
Estuary throughout the three periods, providing further evidence that these two species 
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have responded “positively” to increases in water temperature with increasing latitude. 
The shifts in the distributions of species is one of the most recognised impacts of global 
warming (Walther et al., 2002; Poloczanska et al., 2008; Cheung et al., 2009; Last 
et al., 2011). However, of the 300 studies worldwide that adequately link range shifts to 
climate change, 7 % have been in Australia and most of these focused on marine species 
and/or communities and rarely on estuarine or freshwater populations (Booth et al., 
2011).  
 Predicting the impacts of range-shifts on overall populations is recognised as a 
complex task, particularly in estuarine environments which are already highly dynamic 
(Brown et al., 2010; Fodrie et al., 2010; Sorte et al., 2010; Gillanders et al., 2011). 
Indeed, while some species are expected to benefit from rising water temperatures, as 
exemplified by the increased abundances of C. mugiloides and A. vaigiensis in the 
Peel-Harvey and Leschenault estuaries, others are predicted to become disadvantaged as 
physiological stresses, competitive balances and other biotic interactions are altered 
(Poloczanska et al., 2008).  
   
6.3 Conclusions 
 Since Australia is regarded as a world ‘hotspot’ for climate change (Kundzewicz 
et al., 2008) and exhibits the world’s lowest and most spatially and temporally variable 
rainfall and runoff of any continent (Arthington & Pusey, 2003), we have the 
opportunity to lead worldwide science and management in understanding the future 
impacts of climate change in coastal ecosystems. Furthermore, as Western Australia is 
the fastest growing state in Australia, with substantial growth predicted for the greater 
Bunbury and Mandurah regions in particular over the next 50 years, the implementation 
of effective management strategies which incorporate appropriate indicators that can be 
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used to monitor the associated effects of urbanisation will be imperative to the future 
health of these highly valuable systems. 
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6.4 Appendices 
Appendix 6.1. Species that consistently typified the samples collected using the 21.5 m 
seine net in each (a) region of the Peel-Harvey and Leschenault Estuaries and in each 
(b) season, as detected by SIMPER. The region / season in which each species was most 
abundant is given in superscript. Asterisks denote the relative consistency of each 
species in typifying the faunal compositions in each region, as measured by the 
similarity to standard deviation ratio and dissimilarity to standard deviation ratio, 
respectively; 1.0-1.5*, 1.5-2.0**, 2.0-2.5***, >2.5****.  
(a)                                                                        Peel-Harvey Estuary 
Mandurah Channel Eastern Peel Western Peel Northern Harvey Southern Harvey 
H. vittatus 
F. lateralis***  
A. elongata 
T. pleurogramma*** 
A. forsteri**** 
L. presbyteroides**** 
T. pleurogramma*** 
A. elongata* 
F. lateralis****  
O. rueppellii 
T. pleurogramma*** 
L. presbyteroides*** 
F. lateralis** 
A. elongata* 
O. rueppellii* 
T. pleurogramma**** 
F. lateralis*** 
L. presbyteroides** 
A. elongata 
O. rueppellii* 
T. pleurogramma** 
L. presbyteroides*** 
A. elongata** 
F. lateralis 
                                          Leschenault Estuary  
Lower Middle Upper Apex  
F. lateralis**  
H. vittatus 
A. forsteri 
L. presbyteroides 
T. pleurogramma 
F. lateralis**** 
L. presbyteroides** 
A. elongata 
C. mugiloides 
T. pleurogramma 
A. elongata** 
F. lateralis  
C. mugiloides 
A. forsteri 
T. pleurogramma 
A. elongata* 
C. mugiloides 
A. forsteri 
F. lateralis 
 
 
(b)                                                                        Peel-Harvey Estuary 
Winter Spring Summer Autumn 
T. pleurogramma** 
F. lateralis** 
A. elongata* 
C. mugiloides 
L. presbyteroides* 
T. pleurogramma*** 
F. lateralis** 
H. vittatus* 
L. presbyteroides* 
O. rueppellii* 
H. vittatus** 
A. elongata** 
T. pleurogramma**** 
L. presbyteroides* 
O. rueppellii**** 
A. elongata*** 
L. presbyteroides*** 
T. pleurogramma*** 
O. rueppellii 
C. mugiloides 
Leschenault Estuary 
Winter Spring Summer Autumn 
F. lateralis 
A. forsteri**  
A. elongata 
L. presbyteroides** 
C. mugiloides 
T. pleurogramma* 
F. lateralis***  
S. punctatus* 
H. vittatus 
A. elongata 
A. forsteri 
A. forsteri 
A. elongata 
H. vittatus 
C. mugiloides* 
L. presbyteroides 
A. elongata* 
C. mugiloides** 
A. vaigiensis* 
F. lateralis** 
A. forsteri* 
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